Journal of Thermal Engineering, Vol. 4, No. 5, pp. 2381-2393, July, 2018
Yildiz Technical University Press, Istanbul, Turkey

THERMODYNAMIC ANALYSIS OF BASIC AND REGENERATIVE ORGANIC
RANKINE CYCLES USING DRY FLUIDS FROM WASTE HEAT RECOVERY

E. Ozdemirl”, M. Kilic?

ABSTRACT

The organic Rankine cycle (ORC), which generates electric energy using low temperature heat sources,
is a promising technology in energy production sector. The ORC, which uses an organic fluid with its lower
boiling point and higher vapor pressure than water-steam as a working fluid. The thermal efficiency of an ORC
showes the performance of system, depends on system compenents, working fluid and operating conditions. This
paper presents an thermodynamics examination of basic ORC and regenerative ORC for waste heat recovery
applications using dry organic fluids. R113, R114, R227ea, R245fa and R600a with the boiling points from -16
°C to 48 °C are selected in the analyses. The relationships between the ORC's performance parameters for basic
and regenerative technologies and the properties of working fluids are evaluated based on various turbine inlet
pressure values. Results show that regenerative ORC has higher thermal efficiency compared with basic ORC.
Also, the thermal efficiency increases with the increment of the turbine inlet pressure for both basic ORC and
regenerative ORC.

Keywords: Energy, Exergy, Working Fluid, Organic Rankine Cycle, Regenerative Organic Rankine
Cycle

INTRODUCTION

Energy is one of the most important sources to sustain life. Energy management and diversifying of energy
resources are considered a significant way to increase energy efficiency, reduce greenhouse gas emissions and
energy costs. Globally, fossil fuels continue to meet a dominant share of global energy demand, with
implications for the links between energy, the environment and climate change. About 65% of the world energy
consumption is supplied from fossil fuels which are increasingly disappearing and damage the ecology in the
world. Consequently, the countries of the world target that renewable energy resources are used in energy
conversion technology.

Organic Rankine cycle (ORC) which generates electricity from renewable energy resources and waste heat,
is an environmentally-friendly technology. The working principal of an ORC is similar to the common vapor
Rankine cycle. However, it uses an organic fluid which has high molecular mass hydrocarbon compound, low
critical temperature and pressure instead of water-steam as a working fluid. Useable heat resources in ORC are
solar energy, geothermal energy, biomass products, surface seawater and waste heat from various thermal
processes.

Many studies on ORC have been presented in the literature. For example, Liu et al. [1] used total heat-
recovery efficiency and heat availability instead of thermal efficiency as the evaluation criteria to optimize the
working fluid and operating conditions for organic rankine cycle. Chen et al. [2] compared the system
performance between a supercritical Rankine cycle using CO; as working fluid and a subcritical ORC using
R123 as working fluid. Kanoglu and Bolatturk [3] assessed the thermodynamic performance of the Reno
(Nevada, USA) binary plant. This plant uses geothermal fluid at 158 °C and isobutene as working fluid. Exergy
and energy efficiency obtained were 21% and 10.20%, respectively. Roy et al. [4] analyzed non-regenerative
ORC, based on the parametric optimization, using R-12, R-123, R-134a and R-717 as working fluids
superheated at constant pressure. Gao et al. [5] analyzed the performance of supercritical ORC driven by exhaust
heat using 18 organic working fluids. They recommended that both the higher output and the lower investment,
the following working fluids for the supercritical ORC system were R152a and R143a. Dai et al.[6] investigated
ORCs for low-grade waste heat recovery with different working fluids. Thermodynamic properties for each
working fluid were investigated and the cycles were optimized with exergy efficiency as an objective function
using genetic algorithms. The authors showed that the cycles with organic working fluids were better than the
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cycle with water for converting low-grade waste heat to useful work. The cycle with R236EA exhibited the
highest exergy efficiency. Adding an internal heat exchanger to the ORC did not improve the performance under
the given waste heat conditions. Kerme and Orfi [7] modeled ORC driven by parabolic through solar collectors
to investigate the effect of turbine inlet temperature on main energetic and exergetic performance parameters for
eight working fluids and o-xylene showed the maximum energetic and exergetic performance. Wang et al. [8]
analyzed a double ORC for discontinuous waste heat recovery. Wang et al. [9] optimized the working fluid and
parameters of ORC system with simulated annealing algorithm. They compared the results of 13 working fluids.
Kaska[10] analyzed a waste heat driven organic Rankine cycle and assessed performance of the cycle and
pinchpoint sites of primary exergy destruction using actual plant data. Zhu et al. [11] assessed the performances
of ORC under saturated expansion using organic and isentropic fluids, and under superheated expansions using
organic wet fluids. Koroglu and Sogut [12] examined a marine power plant with ORC using energy and exergy
analyses. Their results demonstrated that the best fluid for ORC system was R113 with respect to the highest net
power output, lowest exergy destruction, energy and exergy efficiencies.Yu et al. [13] evaluated working fluid
selection considering the characteristics of the waste heat source for ORC system. Radulovic [12] investigated
suitability of several wet, dry and isentropic fluids in a supercritical Rankine cycle. His results shows that R134a
refrigerant illustrates superior exergetic efficiency at high evaporator pressures. Akkaya [15] developed a
thermodynamic model to investigate the effect of ambient conditions on performance of an ORC.

Some researchers also have worked on regenerative ORC. Mago et al. [16] evaluated an analysis of
regenerative organic Rankine cycles using dry organic fluids, to convert waste energy to power from low- grade
heat sources. They selected four dry organic working fluids which are R113, R245ca, R123 and isobutene and
analyzed basic ORC and regenerative ORC using a combined first and second law analysis at various reference
temperatures and pressures. Hajabdollahi et al. [17] optimized the regenerative solar ORC. They selected
evaporator pressure, condenser pressure, refrigerant mass flow rate, number of solar panel, storage capacity and
regenerator effectiveness as design parameters and compared with R245fa and R123. Wang et al. [18] modeled a
regenerative ORC for utilizing solar energy over a range of low temperatures, considering flat-plate solar
collectors and thermal storage systems. They showed that system performance could be improved, under realistic
constraints, by increasing turbine inlet pressure and temperature or lowering the turbine backpressure, and by
using a higher turbine inlet temperature with a saturated vapor input. Darvish et al. [19] simulated the
thermodynamic performance of regenerative ORC to select proper organic working fluids using nine working
fluids. Roy et al. [20] analyzed regenerative ORC, based on optimization using R-123 and R-134a during
superheating at a constant pressure of 2,50 MPa. Imran et al. [21] evaluated the thermo-economic optimization
of basic ORC and regenerative ORC for waste heat recovery applications under constant heat source condition.

The brief review above shows that the types of working fluids have a significant influence on the
performance of ORC. ORC could be used to recover low grade waste heat. In this paper, with the light of studies
in literature, the energy and exergy analysis of basic and regenerative organic Rankine cycle is performed for
different dry working fluids which are R113, R114, R227ea, R245fa and R600a. The organic Rankine cycle's
performance parameters are evaluated depending on varied turbine inlet pressures of the working fluid. The
exergy efficiency, thermal efficiency, the irreversibility rate, the net power, the outlet temperature of waste hot
fluid or the evaporation temperature are calculated with the various turbine inlet pressures. Results from the
analyses show that turbine inlet pressure and the selection of working fluid have significant effect on the
performance parameters of an ORC. Also the R113 working fluid produces higher thermal efficiency, exergy
efficiency, net power and lower total irreversibility rate under accepted conditions in compared with other
working fluid in basic and regenerative ORC.

MATERIAL AND METHOD

Organic Rankine Cycle

The schematic diagram of a basic ORC system is shown in Figure 1. It includes four components:
evaporator (boiler), expander, condenser and pump. An ORC consists of four phases: Pressure increase in the
condensate in the feed pump from pressure p; to p.. Isobaric heating, evaporation and overheating of the working
fluid in the evaporator (boiler) at constant pressure p, = ps. Expansion of the vapor working medium in an
expansion machine (e.g. a turbine) from pressure ps; to ps. Isobaric heat release, complete condensation and
possible under-cooling of the working medium in the condenser at constant pressure ps= pi.
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Figure 2. Shematic diagram of regenerative ORC

Figure 2 presents a schematic diagram of the regenerative ORC used to obtain energy from waste
thermal energy. It is comprised of an evaporator (boiler), expander, feedwater heater (regenerator), condenser
and two pumps. In the regenerator heat exchanger, heat is transferred between the high temperature vapor at the
expander outlet and the low temperature fluid at the pump outlet in order to avoid energy loss [19]. In an
regenerative ORC, steam enters the expander at the evaporator pressure (state 5) and expands isentropically to an
intermediate pressure (state 6). Some steam is extracted at this state and routed to the feedwater heater, while the
remaining steam continues to expand isentropically to the condenser pressure (state 7). This steam leaves the
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condenser as a saturated liquid at the condenser pressure (state 1). The condensed water, which is also called the
feedwater, then enters an pump-I, in which the pressure is raised to the feedwater heater pressure (state 2) and is
routed to the feedwater heater, where it mixes with the steam extracted from the expander. The mixture leaves
the heater as a saturated liquid at the heater pressure (state 3). The pump-II raises the pressure of the working
fluid to the evaporator pressure (state 4). The cycle is completed by evaporating the working fluid in the boiler
(state 5) [18].

Working fluids for ORC’s are categorized in three groups based on their slope of saturation vapor
curves in T—s diagram. The fluids having positive slope are dry fluids (ds/dT > 0). The fluids having negative
slope are wet fluids (ds/dT < 0). The fluids having nearly infinitely large slopes are isentropic fluids (ds/dT=0).
In the ORC, dry or isentropic fluids are more favourable because they do not require superheating in the
evaporator in order to avoid forming moisture in the working fluid during the expansion process.

In this study, R600a, R245fa, R227ea, R113 and R114 dry fluids are selected as the working fluids.
Table 1 shows the thermo-physical properties of the selected fluids. It can be seen from Table 1 that R113 has
the highest value of boiling point temperature. It is followed by R245fa, R114, R600a and R227ea respectively.

Table 1. Thermo-physical properties of the selected fluids [19]

Parameters R600a | R245fa | R227ea | R113 R114
Molecular mass (g/mol) 58.12 | 134.05| 170.03 | 187.38 | 170.92
Formula CsHio | CsFsHz | CsFH | CoClsFs | CoCloFs
Maximum temperature (K) 575.00 | 440.00 | 475.00 | 525.00 | 507.00
Maximum pressure (MPa) 35.00 | 200.00 60.00 | 200.00 21.00

Critical point temperature (K) | 407.70 | 427.01 | 374.90 | 487.10 | 418.83
Critical point pressure (MPa) 3.63 3.65 2.92 3.39 3.26
Critical point density (kg/m®) | 225.50 | 519.43 | 594,25 | 560,00 | 579.97
Boiling temperature (°C) -11.68 1518 | -16.25 47.59 3.79

System Description and Modeling
The analysis of an ORC based on thermodynamic laws and the energy, exergy analyses were performed
for the working fluids investigated. For simplicity, the following assumption were made:
v All processes are operating at steady state.
The thermal and friction losses in the pipes are negligible.
The kinetic and potential energy changes are negligible.
The working fluid is in saturated liquid at condenser exit and feedwater heater exit for regenerative
ORC.
Pressure drops of working fluid in the evaporator and condenser is neglected.
The heat loss from the ORC components is negligible.
v" There are only two pressures: an evaporating pressure pe and a condensing pressure p. for basic
ORC.
v' The isentropic efficiency of expander (turbine) 1, and the pumps n,,are 0.80.
Atmospheric condition is taken as 100 kPa and 293.15 K.

The mass flow rate m'hf and the specific heat capacity ¢,, of the hot fluid are 1 kg/s and 1 ki/kgK

ASRNEN

ANERN

AN

respectively.
The minimum temperature difference AT, in the evaporator is 5 K.

The cooling medium temperature T}, is 293.15 K.

Turbine inlet temperature is taken 15 °C lower than the temperature of the hot fluid [16].

The inlet temperature of hot fluid in evaporator is 250 °C.

The turbine inlet pressure is taken as from 1000 kPa to the critical pressure of each working fluid.
For any steady state control volume, by neglecting the potential and kinetic energy changes, general

expression of mass, energy and exergy balance equations are that [16,17, 21, 22]:

ASENENENIEN
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Energy balance equation:

X My = ) Moyt @)

Energy balance equation:
En = Eout (2)
Q +W = X Moyt Rour — x> My Ay 3)

Exergy balance equation:
X EQ’Cm -2 Ex.out - EQ.Cd = AE&CS 4)

where for a steady-state system, AEicS is zero.

EJ.Cm = Ex.out (5)
Expoqr + W = Expye — Expy + 1 (6)

where, subscripts in and out represent the inlet and exit states, Q is heat input, W is work input, Ex is exergy
rate and I is the irreversibility rate.

Basic Organic Rankine Cycle

Process 1-2 (pump)

The isentropic efficiency of the pump:

Np = (has — hy)/(hy — hy) )
The pump power:
¥ W (h s_h ) .
W, = mfn% = myr(h, —hy) (8)

The irreversibility of the pump:
I, = (E; — E;) + W, = T,AS, 9)

Process 2-3 (evaporator)

During the above heat exchange, the temperature of hot fluid decreases from Ts to T,. The specific heat
capacity C,, of the hot fluid at constant pressure is assumed to be constant.
The evaporator heat rate:

Qe = myr(hy — hy) = myr(hs — he) (10)

Qe = mprCp(Ts — Te) (11)
The irreversibility of the evaporator:

[, = (Es — Es) + (Es — Ee) (12)
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. 2(hz—h3)
lp =Ty myr [(53 —5p) — ﬁ] (13)

Process 3-4 (expander)

The isentropic efficiency of the expander:

Nexp = (hg — hy)/(hs — hy) (14)
The expander power:;

Vve.xp = My, r(hg — Rys)Nexp =My s (hg — hy) (15)
The irreversibility of the expander:

Ie;cp = (E3 - E4) - VVe;xp = ToASexp (16)

Process 4-1 (condenser)

The condenser heat rate:

Q. = myr(hy — hy) (7)

The irreversibility of the condenser:
I.C = (E4_ - El) + (E7 - Es) = TOASC (18)

(h1—h4)] (19)

To = Ty Mg (51 = 54) = 27

The thermal efficiency (1) of the ORC system is the ratio of the net power output to the heat input. It
can be expressed as:

Whet _ Wexp~—Wp

= = - 20
Ntn 0o 0. (20)
The exergy destruction rate of ORC system (Ed =] ) can be expressed as:
Eq=lIeycre =logp + o+ 1, + 1, (21)
o o [ 2(hz—hy) (h1—h4)]
Icycle - TO mwf [ (Ts+Te) TL (22)
The exergy efficiency of ORC:
Whet Whet
Nexe = W tEa A 2T] (23)
nectBa Go( 1)

Regenerative Organic Rankine Cycle

Feed-water Heater
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The passed through the turbine working fluid separates two parts. The X amount of the working fluid
enters the feed-water heater and the (1-X) amount of the working fluid enters the condenser. These processes are
showed with the number 6 and 7 in the Figure 2. When practiced the energy balance equation in this section;

h3-h,
= 24
hehy (24)
Process 1-2 and 3-4 (pump-l and pump-Il)
The power of pumps:
; My r(1-X) (has—hq)
W, = 25
p1 - (25)
; My r(has—h3)
p2 - (26)
The irreversibility of the pumps:
I.p = Tomyr[(1 — X)(s1 — $2) + (53 — 54)] (27)
Process 4-5 (evaporator)
The evaporator heat rate:
Qe = myyr(hs — hy) (28)
The irreversibility of the evaporator:
F . 2(hs—hy)
Ie - TO mWf [(55 - S4) - (T8+Tg) (29)
Process 5-6 and 5-7 (expander)
The expander power:
]/Vexp = m;/vfnexp [(hs - h7s) + X(h7s - hés) (30)
The irreversibility of expander:
Loxp = ToMyf[(s7 — S5) + X(s6 — 57)] (31)
Process 7-1 (condenser)
The condenser heat rate:
Q.= my (1 — X)(hy — hy) (32)
The irreversibility of condenser:
: . (hy—hy)
I, =T m'wf(1 - X) [(51 - 57) - lTL g ] (33)
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The thermal efficiency (7, of the regenerative ORC is:

Whet _ We=Wp
=—=— 34
Ntn 0o o, (34)

The exergy efficiency of regenerative ORC:

= — — = 35
nexe Wnet+Ed Qe(l_(T:Iéig)) ( )
The total irreversibility can be expressed as:
. . 2(hs—hy) (hi—hy)
Icycle = Tomwf [_ (T85+T9; -1-X) 1TL . ] (36)

RESULTS AND DISCUSSION

For the aim of this study five organic fluids were selected in the analysis as a working fluid which were
R113, R114, R227ea, R245fa and R600a with boiling temperatures ranging from -16 °C to 48 °C. The turbine
inlet temperature was defined as 15 °C lower than the temperature of the hot fluid. The inlet temperature of hot
fluid in evaporator is 250 °C. In addition, turbine inlet pressure was taken as from 1000 kPa to the critical
pressure of each working fluid. Figure 3 showes the comparison of the thermal efficiency for organic working
fluids. The working fluids with greater thermal efficiency to lower one are R113, R245fa, R114, R600a and
R227ea. The thermal and exergy efficiency increases with the increment of the turbine inlet pressure for both
basic ORC and regenerative ORC as shown in Figure 3, Figure 4 and Figure 5.

When the thermal efficiency is evaluated with the net power and the heat input in the evaporator, the net
power and heat input decreases but the thermal efficiency still increases which shows that the decrease of the
heat absorbed by the working fluid (Qev) is greater than on the decrease of the net power (Whnet).
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Figure 3. Variation of the system thermal efficiency with the turbine inlet pressure for basic ORC

When compared the exergy efficiency of the working fluid, R113 fluid which is followed by R245fa,
R600a, R114 and R227ea, has the highest second law efficiency. Also, the results represent same collacation
with boiling temperature. The best thermal and exergy efficiency is R113, which has the highest boiling among
the selected fluids, while R227ea working fluid has the worst thermal and exergy efficiency and which has the
lowest boiling point temperature.
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Figure 4. Variation of the system exergy (second law) efficiency with the turbine inlet pressure for basic ORC

As is seen the Table 2, R113 working fluid has minimum the mass of working fluid, the heat input in the
evaporator and the total irreversibility rate when the turbine inlet pressure is 1 MPa and the temperature of waste
hot source is 250 °C. The maximum net power with 51.68 kW value is calculated for 245fa. R113 working fluid
products 50.98 kW net power. However, when examined heat input in the evaporator, this value is higher than
R113's. For this reason, the thermal and exergy efficiency of R113 are obtained as 17% and 39% respectively.
The lowest the net power, thermal and exergy efficiency values are gotten for R227ea working fluid with 35.32
kW, 5% and 13% respectively. The working fluids with greater irreversibility rate to lower one are R227ea,
R600a, R114, R245fa and R113.

Table 2. The comparison of the selected fluids (Ps=1 MPa and Ts=250 °C)

Fluid m.wf T, W;let Q.ev Ntn Nexe IC};CZB

(kg/s) (°O (kW) (kW) (%) (%) (kW)
R113 0.99 139.20 50.98 301.40 17.00 39.00 77.34
R114 1.62 83.58 49.07 485.80 10.00 23.00 157.2
R227ea 2.03 53.50 35.32 644.60 5.00 13.00 237.9
R245fa 1.08 89.61 51.68 445.90 12.00 27.00 137.8
R600a 1.65 66.23 41.37 515.30 8.00 18.00 177,2
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Figure 5. Variation of the system thermal efficiency with the turbine inlet pressure for regenerative ORC
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Figure 5 illustrates the variation of the system first law efficiency with turbine inlet pressure for selected
working fluids in the analysis of regenerative ORC. It can be seen that in both basic and regenerative ORC, the
same trend for the thermal efficiency is observed and R113 working fluid represents the best performance. The
worst efficiency is calculated for R227ea which is followed by R600a, R114 and R245fa.
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Figure 6. Comparison of thermal efficiency for basic and regenerative ORC

A comparison between the two cycles shows that the thermal efficiency of regenerative ORC is about
8% higher than the thermal efficiency of basic ORC in low-inlet pressures while with using regenerative ORC in
high- pressures, the thermal efficiency increases by 15,4% compared with basic ORC.
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45}

0
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A

1000

2000 2500 3000 3500
Turbine inlet pressure (kPa)

1500

Figure 7. Comparison of exergy efficiency for basic and regenerative ORC

According to results presented in Figure 7, the second law efficiency of regenerative ORC is about 42%
higher than the second law efficiency of basic ORC in low-inlet pressures while with using regenerative ORC in
high- pressures, the thermal efficiency increases by approximately 44% compared with basic ORC.

Figure 8 illustrates the change of the total irreversibility rate for the basic and regenerative ORC using R113 with
increased the turbine inlet pressure under the same assumptions. According to analysis, the total irreversibility
value decreases and reaches to its minimum value and then it increases afterwards with the increase in the
turbine inlet pressure in each configurations. The maximum total irreversibility rates or the exergy destruction
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are calculated as 77,34 kW and 65,63 kW in 1 MPa turbine inlet pressure for basic and regenerative ORC. The
regenerative ORC generates about 18% less the total irreversibility rate when compared with basic ORC.
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g 60 >\. \\ |
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Figure 8. Comparison of total irreversibility value for basic and regenerative ORC
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Figure 9. Comparison of the net power for basic and regenerative ORC

When compared the net power of the working fluids, according to Figure 9 for basic and regenerative
ORC, the net power decreases before and then increases with the increase of the turbine inlet pressure. The net
power of basic ORC is about 4% higher than the net power of regenerative ORC.
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Figure 10. Comparison of heat input for basic and regenerative ORC
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As is seen the Figure 10, the heat input has the same tendency with net power. The maximum heat input
is calculated as 301,4 kW and 255,53 kW in 1 MPa turbine inlet pressure for basic and regenerative ORC
respectively. The regenerative ORC has about 15% less the heat input compared with basic ORC for R113
working fluid.

CONCLUSION

The selection of working fluids according to appropriate turbine inlet pressure has a significant
influence on the performance of an basic and regenerative ORC. The working fluid of an ORC determines
thermal efficiency, safety, stability, environmental impact, and economic profitability of the system. So, In this
study, basic and regenerative organic Rankine cycles are analyzed to convert waste heat energy to power. We
have selected the five organic working fluids as working fluid namely, R113, R114, R227ea, R245fa and R600a
and evaluated basic and regenerative ORC in terms of the first and second law thermodynamics. We have
investigated the effects of turbine inlet pressure on different parameters. According to analysis, R113 working
fluid has represented the best performance with thermal and exergy efficiency and irreversibility rate. The worst
efficiency has been calculated for R227ea which has been followed by R600a, R114 and R245fa. Regenerative
ORC has has higher first and second law efficiencies than basic ORC with 23,1% and 69,9% respectively.
However, the regenerative ORC has producted less irreversibility rate, net power and heat input values than basic
ORC. Also, the influence of the boiling point temperature on the efficiency for basic and regenerative ORC has
determined in this paper.

NOMENCLATURE

c condenser

cycle cycle

e evaporator

E energy [KW]

Ex exergy [KW]

exe exergetic

exp expander

h specific enthalpy [Kj/kg]
m mass flow rate [kg/s]

hf hot fluid

I irreversibility [KW]

net net

0 ambient

ORC  organic Rankine cycle

p pump

pp pinch point

0 heat [kW]

S specific entropy [kj/kgK]
T temperature [K]

To the low temperature of cold source [K]

AT temperature differential [K]
w power [KW]
n efficiency
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