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This paper presents a theoretical framework for the energy and exergy evaluation of a basic as well as three
modified Organic Rankine Cycles (ORCs). The modified ORCs considered incorporating turbine bleeding,
regeneration and both of them. The results demonstrate that evaporator has major contribution in the
exergy destruction which is improved by increase in its pressure. The results confirm that the integrated
ORC with turbine bleeding and regeneration has the highest thermal and exergy efficiencies (22.8% and

35.5%) and the lowest exergy loss (42.2 kW) due to decrease in cold utility demand and high power

© 2014 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclature
DTP degree of thermodynamic perfection (o)
E exergy (KJ)
e specific exergy (kJ/kg)
H enthalpy (k])
h specific enthalpy (kJ/kg)
m mass flow rate (kg/s)
P Pressure (kPa)
Q required heat
R specific gas constant (kJ/kg K)
s specific entropy (kJ/kg K)
T temperature (K)
w work (KkJ)
X mass flow into feed-water
B influence coefficient
7 exergy loss
n Efficiency

1. Introduction

Energy consumption is increasing and the rapid industrializa-
tion leads to global warming and environmental deterioration. In

* Corresponding author. Tel.: +98 21 22374487.
E-mail address: safarian@energy.sharif.edu (S. Safarian).

http://dx.doi.org/10.1016/j.egyr.2014.10.003

order to meet future energy demand while reducing greenhouse
gas emissions and dependence on fossil fuels, development of en-
ergy systems is inescapable. Study shows that more than 50% of the
total heat generated in industry is the low grade heat and is wasted
as the thermal pollution.

Among many well-proven technologies, Organic Rankine Cycle
(ORC) is considered to be an effective solution for low and medium
temperature (300-450 °C) heat recovery for power production.
The important advantage of ORC is that it can be successfully
used in various fields of biomass combustion, geothermal systems,
solar desalination systems, and it is extremely beneficial when
the exhaust gases of the gas turbine are at low temperature.
High reliability and flexibility also contribute at making the value
proposition of ORC particularly attractive (Bombarda et al., 2010;
Munoz de Escalona et al., 2012; Chacartegui et al., 2011; Karellas
et al., 2012; Sun and Li, 2011; Wei et al., 2008; W. Li et al., 2011; ].
Lietal, 2011).

Quoilin et al. (2011) focused both on the thermodynamic and
economic optimization of a small-scale ORC in waste heat recovery
application. Sun and Li (2011) optimized the performance of an
ORC based on two objective functions. They demonstrated that the
controlled variables and uncontrolled variables are linear function
for maximizing the total net power generation and quadratic
function for maximizing the system thermal efficiency.

In addition, there are some methods that can improve an ORC
system performance, such as system operating optimization, com-
bining feed-water heating, integrating with other system tech-
niques and incorporating turbine bleeding and regeneration. In this
way, Mago et al. (2008) and Desai and Bandyopadhyay (2009) have

2352-4847]/© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.

0/).


http://dx.doi.org/10.1016/j.egyr.2014.10.003
http://www.elsevier.com/locate/egyr
http://www.elsevier.com/locate/egyr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.egyr.2014.10.003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:safarian@energy.sharif.edu
http://dx.doi.org/10.1016/j.egyr.2014.10.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

2 S. Safarian, F. Aramoun / Energy Reports 1 (2015) 1-7

Hot gas out
— Evaporator W
Hot gas in
«—— Water in
Condenser
@ —® Water out
w

®

Hot gas out

——{ Evaporator
Hot gas in

©

l+—— Water in

Water out

b ®

Hot gas out

— Evaporator
Hot gas in

®

Water in
Condenser
@ Water out

W

d ©

Hot gas out

—»  Evaporator
Hot gas in

®

Turbine w

Heat exchanger

[«—— Water in
Condenser
@ Water out

w

Feed-water
heater

w

Fig. 1. Schematic diagram of (a) basic ORC, (b) modified ORC incorporating turbine bleeding, (c) regenerative ORC and (d) modified ORC incorporating both turbine bleeding

and regeneration.

shown that the thermal efficiency of an ORC can be significantly
improved by incorporating turbine bleeding and regeneration, as
it investigate in this paper.

Despite various studies concerning ORC like system perfor-
mance modeling, selection of an appropriate working fluid, op-
timization, and etc., detailed energy and exergy analysis of the
basic and different modified ORC cycles were rarely found. Energy
analysis is the most commonly-used method for evaluation of en-
ergy conversion processes. However, it has some inherent limita-
tions like not characterizing the energy quality and irreversibility
of processes through the system. In contrast, exergy analysis will
characterize the work potential of the systems. It provides a more
realistic view of various devices and processes for evaluation of ef-
ficiency and exergy losses in order to locate the largest margins for
improvements (Xu et al., 2011; Dai et al., 2009; Regulagadda et al.,
2010; Aljundi, 2009; Sagastume Gutiérrez et al., 2013).

In this regard, the objective of this paper is to construct a the-
oretical framework for the energy and exergy analysis of the ORC,
which can be used to evaluate the energy and exergy efficiencies
and exergy destruction in each component and in the overall sys-
tem. In addition to the basic ORC, three modified ORCs with re-
generation and turbine bleeding are investigated to improve the
system performance. This paper will identify major sources of loss
and exergy destruction in the power plant. Finally, a paramet-
ric study is performed to determine how the system performance
varies with different operating parameters.

2. Thermodynamic approaches

Schematics of a basic and modified cycles of ORC systems are
shown in Fig. 1. As observed in Fig. 1(a), there are four differ-
ent processes: Process 1-2 (pumping process), Process 2-3 (con-
stant pressure heat addition), Process 3-4 (expansion process), and

Process 4-1 (constant pressure heat removal). Fig. 1(b) shows a
modified ORC incorporating turbine bleeding. Because the turbine
outlet temperature is markedly higher than the condenser out-
let temperature, implement of an internal heat exchanger (IHE)
into the cycle is rewarded. For a modified ORC with regeneration
(Fig. 1(c)), a feed-water heater is incorporated into the ORC. The va-
por extracted from the turbine mixes with the feed-water exiting
the pump. Ideally the mixture leaves the heater as a saturated liq-
uid at the heater pressure. In addition, schematic of a modified ORC
incorporating both regeneration and turbine bleeding is shown in
Fig. 1(d).

The equations used to evaluate the basic and modified ORCs are
presented in Table 1. The topological methodology of Mago et al.
(2008), Arslan and Yetik (2011), Dai et al. (2009) and Desai and
Bandyopadhyay (2009) will be utilized to perform an energy and
exergy analysis of ORC.

3. Exergy analysis

Exergy is a measure of the maximum capacity of a system to
perform useful work as it proceeds to a specified final state in equi-
librium with its surroundings. Exergy is generally not conserved
as energy but destructed in the system. Exergy destruction is the
measure of irreversibility that is the source of performance loss.
Therefore, an exergy analysis assessing the magnitude of exergy
destruction identifies the location, the magnitude and the source of
thermodynamic inefficiencies in a thermal system (Aljundi, 2009).
Exergy flow rate of a system is composed of kinetic, potential, phys-
ical and chemical one (Aljundi, 2009; Sagastume Gutiérrez et al.,
2013):

E=Ek+Ep+Eph—|—Ech. (1)
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Table 1
Thermodynamic equations to evaluate ORCs.
Component Equation
Basic ORC )
Pump (1-2) WP — WP ideal _ (mnphZS)
Evaporator (2-3) Qe = m(h3 —hy)
Turbine (3-4) Wr = Wi ideat 11 = m(hz — has)ne
Condenser (4-1) 0, = n'1(hl —ha)
Cycle efficiency Neycle = W”Qtwf
ORC incorporating turbine bleeding
Internal heat exchanger (2-3 & 5-6) O = rh(hs — hg)
Pump (1-2) Wp = % = (h'n:zs)
Evaporator (3-4) Q. = rii(hy — h3)
Turbine (4-5) Wi = Wi igea ne = 1(hg — hsg)n;
Condenser (6-1) Q = ri1(h1 — he)
Cycle efficiency Neycle = %
ORC incorporating to regeneration
Feed-water heater (6-3-2) X = = "2

o [(1—X)(h1 has)+(hs — h45)]
np

Pump (1-2 & 3-4) W

Evaporator (4-5) = m(h5 — hy)
Turbine (5-6 & 5-7) Wr = Wr,iaeal ne =

e [(hs — has) + X (has — hes)]
Condenser (7-1) Q = 1m(1 — X)(hy — hy)
Cycle efficiency Neycle = %

ORC incorporating turbine bleeding and
regeneration

Internal heat exchanger (2-3 & 8-9) Qy = m(1 — X)(hg — he)

Feed-water heater (7-4-3) X= '1“7’13

R _ b K (h —hy) (s —hs)
Pump (1-2 & 4-5) We m[ ” =]
Evaporator (5-6) = tii(hg — hs)
Turbine (6-7 & 6-8) W[ = Wi ideal e =

1ine[(he — hgs) + X (hgs — hys)]

Condenser (9-1) Q= m(1 — X)(hy — hy)

Cycle efficiency Neycle = Wp+We
And the specific exergy rate is:
e=¢ex+ep+epn+ e (2)
L]
E
m

In this study the kinetic (ex) and potential (e,) exergy are assum-
ingly negligible. The value of physical exergy for steam and water
at various points in the objective system can be calculated by the
following equation:

eph = h — ho — To(s — o). (4)
And for ideal gas,
P
epp=h—hy—To [s—so—RLn (>:| (5)
Py

where h and s are specific enthalpy and entropy of the substance,
respectively, and hg and sy are those at the state determined tem-
perature and pressure (T and Py).

The chemical exergy of organic substance could be calculated
from:

e T AHg | To — 298.15
ech=1(4“[ 0 ]+ 0[0 ] (6)

298.15 M 298.15

where AH, and e2, are standard enthalpy of devaluation and
exergy of organic substance, respectively.

For the comprehensive exergy analysis, some important param-
eters are also calculated. The parameters are as follows (Mago et al.,
2008) and (Nikulshin et al., 2006):

1-Degree of thermodynamic perfection («):
w; is the ratio of the outlet exergy of element i (EP™) to the

exergy flow into the element i (Eii“). It can be expressed as:

E!)th

o= =1 9
E! E|

where ¢; is the exergy loss of element i:

@i = EM — E™ (8)

Ideally o of any element should be 1, which it will happen only
when the exergy loss of the element is zero. Consequently, the
higher degree of thermodynamic perfection of any element is the
better performance of it.

The total exergy loss and degree of thermodynamic perfection
of the system are as follows:

n
Protal = Z Di 9)

Etoouttal 10
Orotal = 51 - (10)

total
2-Exergy efficiency
The exergy efficiency of element i is defined as the ratio of used
exergy of element i (E}') to the available exergy of the same element
(Ef):

u
n'exergy = Ef,ﬂ' (11)
E;
The available and used exergy of different elements of ORC system
are presented in Table 2. Obviously the higher exergy efficiency of
any element is the better performance of that element.
The total exergy efficiency of system is the ratio of its total used

exergy to total available exergy. It can be determined as:

u

Etotal ( 1 2 )
E taotal

TNexergy,total =

3-Influence coefficient

The influence coefficient of element i is defined as the ratio of
the available exergy for element i to the total available exergy of
the system (Eg,):

Ea
E¢

total

Bi =

(13)

Actually B is the weight of any element in the total system
performance. This parameter identifies the elements of the system
which has the most impact on the system efficiencies.

4. Thermodynamic assumptions

The considered working fluid for ORC is R-113 which has been
proved to be a good candidate for ORC applications (Mago et al.,
2008) and (Badr and Ocallaghan et al., 1990; Gu et al., 2009).
The evaporator pressure and condenser temperature are fixed at
2.5 MPa and 298 K, respectively. The isentropic efficiencies of the
turbine and pump are 80 and 85%, respectively. The ORC receives
heat from a heat source at a rate of 252 kW. The considered in-
let hot gas to the evaporator is a steady stream of nitrogen at the
temperature of 573 K and the pressure of 0.1 MPa. The determined
temperature and pressure for the reference state are 298 K and
0.1 MPa. For the modified ORC with regeneration, the intermediate
pressure of 1 MPa was assumed. Also, both pumps run at the same
efficiency despite operating at different flow conditions. In addi-
tion, to perform thermodynamic analysis of the ORCs, steady state
condition and no pressure drop and heat losses in any equipment
are assumed.
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Table 2

Used and available exergies of the different components of an ORC (Sagastume Gutiérrez et al., 2013).

Component Pump Turbine Heat exchanger
Schematic a
2
2 1
w 1 ™ Cold
Stream
Sl’;‘;mT‘z
Used exergy E, - E, E, —E,
Available exergy W E,—E,
Table 3
Flow parameters for the basic ORC and ORC incorporating turbine bleeding.
Basic ORC ORC to turbine bleeding
Points T (°C) P (MPa) e (kJ/kg) E (kw) T(°C) P (MPa) e (kJ/kg) E (kw)
1 25 0.046 0 0 25 0.048 0 0
2 26.1 25 1.642 1.74 26.1 25 1.77 2.05
3 195 25 64.02 68.03 55 25 4.16 481
4 87 0.046 3.64 3.85 195 25 64.02 75.45
5 300 0.1 82 163.7 92 0.048 5.08 5.87
6 183 0.1 30.38 60.52 56 0.048 1.73 2.008
7 25 0.1 0 0 300 0.1 82 167.34
8 35 0.1 0.68 321 184 0.1 30.89 61.78
9 25 0.1 0 0
10 35 0.1 0.38 1.75
Table 4
Flow parameters for the ORC incorporating to regeneration and ORC incorporating both turbine bleeding and regeneration.
ORC incorporating to regeneration ORC incorporating both turbine bleeding and regeneration
Points T (°C) P (MPa) e (kJ/kg) E (kW) T (°C) P (MPa) e (kJ/kg) E (kW)
1 25 0.048 0 0 25 0.048 0 0
2 25.4 1 0.65 0.66 25.4 1 0.67 0.712
3 138.3 1 17.462 34,74 40 1 2.08 221
4 141.2 25 19.044 37.89 138.3 1 16.938 32.48
5 195 25 62.02 124.7 140.2 25 18.328 35.15
6 154.6 1 51.62 49.81 195 25 62.02 121.2
7 90 0.048 3.66 3.75 157.3 1 53.22 45.44
8 300 0.1 82 173.6 92 0.048 5.08 5.40
9 188 0.1 32.21 67.64 74 0.048 3.314 352
10 25 0.1 0 0 300 0.1 82 172.5
11 35 0.1 0.68 3.13 189 0.1 33.21 69.74
12 25 0.1 0 0
13 35 0.1 0.68 3.06
5. Results Table 5
Performance parameters of the basic and modified ORCs.
. ORC ORC ORC ORC
5.1. Exergy evaluation (a) (b) © %)
. . Evaporator duty kw 252 252 252 252
For calculation of exergy flow rates of the system, the operating Condenser duty KW 202 196 199 1946
conditions of the flows are needed. Tables 3-4 present the flow Turbine power kW 51 56.5 59.45 61
parameter data for basic ORC and the modified ORCs. The tables Eump power d :w 1.96 gbzs 3.92 ?fﬁ
include pressure, temperature, specific exergy, and exergy rate eat exchanger duty ) - : -
. . Net power kw 49.04 54.3 55.53 57.54
associated with each of the components. »
Using the information provided in Tables 3-4, the evaporator Thermal efficiency % LR 22 2
heat rate, the condenser heat removal rate, the organic fluid Mass flow (organic fluid) kefs 1.06 115 1.99 191
’ ' 2 Mass flow into feed water kg/s - - 0.96 0.85
mass flow rate, the pump power and the turbine power can be Mass flow (water) kgls 468 451 461 451
determined. All these values are arranged in Table 5 for the basic Mass flow (gas) kgls 2 2 2.1 2.1

and modified ORCs.

Tables 6-9 present the thermodynamic characteristics of the
analyzed basic and modified ORCs, respectively. The tables in-
clude parameters such as inlet and outlet exergy, exergy loss,
used and available exergy, exergy efficiency, degree of thermo-
dynamic perfection, and coefficient of influence associated with

(a): basic ORC (b): ORC to turbine bleeding (c): ORC to regeneration (d): ORC to
turbine bleeding and regeneration.

each component. In addition, the exergy loss, degree of thermo-
dynamic perfection, and exergy efficiency for the total system are
presented.
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Table 6
Exergy evaluation of the basic ORC.
Element EI" (kW) EM (kW) @i (kW) E}' (kW) E{ (kW) a; (%) Bi (%) némgy (%)
Pump 1.96 1.74 0.219 1.74 1.96 88.8 1.198 88.80
Evaporator 165.41 128.55 37 66.29 103.17 77.7 63.10
Turbine 68.03 54.85 132 51 64.17 80.63 39.25 79.47
Condenser 3.85 3.21 0.647 3.21 3.85 83.2 2.36 83.20
Total system 165.66 114.73 50.92 51 163.48 69.2 -
Table 7
Exergy evaluation of the ORC incorporating turbine bleeding.
Element EI" (kW) Et (kW) ®; (kW) E! (kW) Ef (kW) o (%) Bi (%) Mhxergy (%)
Pump 2.2 2.05 0.146 2.05 2.2 93.34 0.012 93.34
Evaporator 172.151 137.23 34.9 70.64 105.56 79.7 62.11 66.92
Turbine 75.454 62.37 13.08 56.5 69.58 82.66 40.94 81.19
Condenser 2.008 1.75 0.25 1.75 2.008 87.4 1.18 87.4411
Heat exchanger 7.93 6.82 1.109 2.75 3.86 86 2.27 71.32177
Total system 169.54 120.03 49.50 56.5 169.9 70.8 - 33.24
Table 8
Exergy evaluation of the ORC incorporating to regeneration.
Element EM (kW) EPMt (kW) @; (kW) E}' (kW) Ef (kW) o; (%) Bi (%) 77;‘8@ (%)
Pump-1 37.93 37.89 0.041 3.148 3.19 99.88 0.018 98.68
Evaporator 2115 192.41 19.09 86.87 105.96 90.9 61.29
Turbine 124.77 113.01 11.75 59.45 71.20 90.5 41.19 83.48
Condenser 3.75 3.13 0.61 3.134 3.75 83.56 2.17 83.56
Pump-2 0.7 0.66 0.033 0.66 0.7 95.17 0.404 95.17
Feed water 50.47 34.74 15.73 34.74 50.47 68.8 29.20 68.83
Total system 177.52 130.22 47.30 59.45 172.86 73.35 -
Table 9
Exergy evaluation of the ORC incorporating both turbine bleeding and regeneration.
Element E" (kW) EPM (kW) ®; (kW) Ef (kW) Ef (kW) a; (%) Bi (%) néxergy (%)
Pump-1 35.18 35.15 0.033 2.66 2.7 99.9 0.015 98.74
Evaporator 207.7 190.9 16.7 86.10 102.81 92 59.85 83.74
Turbine 121.25 111.8 9.4 61 70.4 92.24 40.98 86.64
Condenser 3.52 3.06 0.45 3.06 3.52 86.97 2.052 86.97
Pump-2 0.76 0.71 0.047 0.712 0.76 93.8 0.442 93.8
Heat exchanger 6.11 573 0.37 1.50 1.879 93.8 3.942 79.84
Feed water 47.66 32.48 15.17 32.48 47.66 68.15 27.74 68.15
Total system 176.02 133.8 422 61 171.76 76.02 - 355

From the presented results (Tables 6-9), it can be inferred that
the basic ORC has the lowest exergy efficiency (31.2%) and the
highest total exergy loss (50.9 kW). And also, the biggest part of
the system exergy loss is related to evaporator. On the other hand
itis concluded that the evaporator is the critical element in the ORC
cycle (W. Li et al., 2011), due to the fact that evaporator has the
highest exergy loss and influence coefficient in comparison with
other components of the cycle. The exergy loss in the evaporator is
mainly due to the irreversibility associated with heat transfer over
afinite temperature difference (Mago et al., 2008). In the basic ORC,
exergy loss of evaporator is 37 kW and it is reduced by the modified
ORCs incorporating turbine bleeding (ORC (b)), incorporating to
regeneration (ORC (c)) and incorporating both turbine bleeding
and regeneration (ORC (d)), 5.5%, 48.5% and 55%, respectively.
This reduction in the exergy loss causes an improvement on the
evaporator exergy efficiency from 64.2% (for the basic ORC) to
66.9%, 81.9% and 83.7% for the modified ORCs (b), (¢) and (d),
respectively. Itis due to the used exergy in the evaporator increases
for the modified cycles compared with the basic case. In addition,
the decrease in the exergy loss entails an increase in the degree
of thermodynamic perfection (DTP) from 77.7% (ORC (a)) to 79.7%,
90.9% and 92% for the ORCs (b), (c) and (d), respectively.

The most important result of energy and exergy analysis of the
various ORCs is that the integrated ORCs with feed-water heater
(ORCs (c) and (d)) show higher thermal and exergy efficiencies.
Because the temperature of the evaporator feed is increased by
bleeding of the working fluid from the turbine and mixing it with
the evaporator feed in a direct contact heater. Moreover, an ORC
with an internal heat exchanger (regenerator) and a direct contact
heater presents the maximum thermal and exergy efficiencies
(22.8% and 35.5%) among the evaluated cycles, in the same heat
rate available for the evaporator from a hot gas stream (252 kW).
On account of integration of an ORC with turbine bleeding and
regeneration proposes additional benefits such as decrease in cold
utility demand and generation of high power. However, it may be
noted that the capital cost of the overall system and the complexity
of the flow scheme are increased due to integration. In this way
the high thermodynamic efficiency of ORC (d) makes decrease in
the total system exergy loss (42.2 kW) and improvement on the
degree of thermodynamic perfection (76%).

From the factor of coefficient of influence in Tables 6-9, it can be
clearly seen, that turbine is the second component that has more
impact on the ORC performance. It displays the second highest
coefficient of influence. The exergy loss of turbine for the basic ORC
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Fig. 2. Percentage of the exergy destroyed in each component.

is 13.2 kW and it is descended in the modified ORCs (b), (¢) and (d)
by 0.9%, 11% and 29%, respectively.

To reach a deep understanding of exergy losses for other
elements of the mentioned ORC cases, the percentage of the exergy
destroyed in each component with respect to the total system
exergy loss for four configurations are depicted in Fig. 2. Fig. 2
proves that the evaporator and turbine are the components with
the highest exergy losses contribution, respectively. In addition it
can be seen that the ORCs (c) and (d) represent the lower exergy
loss of evaporator. This exergy reduction is mainly due to the
presence of the feed-water heater (33.5% and 35.7% of exergy losses
for ORCs (c) and (d), respectively).

5.2. Effect of evaporator pressure on the ORCs performance

The variations of the thermal and exergy efficiencies against
the evaporator pressure, for four ORC cases are shown in Fig. 3.
The turbine inlet temperature at saturated conditions and other
operating conditions are same as before section. From Fig. 3 it can
be inferred that for all ORC configurations the thermal efficiency
increases with the increase in evaporator pressure from 1.8 to
3 MPa. While the integrated ORC to internal heat exchanger and
feed-water heater presents the maximum efficiency compared to
other cycles, it shows an increase in the thermal efficiency of
21.6%-23.5% for the lowest and highest turbine inlet pressures,
respectively.

In Fig. 3, the exergy efficiency also increases with evaporator
pressure increasing, and the ORC (d) is still the highest, ORCs
(c) and (b) are the second and third highest and the basic ORC
has the lowest exergy efficiency. The exergy efficiency becomes
larger because of reduction in the system total exergy loss with
the increment in the evaporator pressure, which is shown in
Fig. 4. Since the evaporator pressure is increased, the discrepancy
between the evaporator temperature and the hot gas stream
temperature entering the evaporator is reduced. This reduction in
the temperature difference leads to increment in the used exergy
and it causes an improvement in the exergy efficiency or a decrease
in the system exergy loss.

45 T T T T T T T T T ! T L J
F—& —8- Thermal-(a) —l—#— Exergy-(a)
42 |- —& —A~ Thermal-(b) —h—&— Exergy-(h)
|- —& —o— Thermal-(c) —#—8— Exergy-(c)
39— —o— Thermal-(d) —4—— Exergy-(d)
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Fig.3. Variations of the thermal and exergy efficiencies versus evaporator pressure.
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Fig. 4. Variations of the exergy loss versus evaporator pressure.

Moreover, the lessening in the exergy loss entails a growth in
the degree of thermodynamic perfection (DTP) of the system. The



S. Safarian, F. Aramoun / Energy Reports 1 (2015) 1-7 7

T T
P=2.5 bar P=3 bar

P=2.7 bar

;

78 | I P~ 1.8 bar
P=2 bar

74 — —

70 — —_

66

58

54

Degree of thermodynamic perfection (%)

50

ORC (a) ORC (b) ORC (c) ORC (d)

Fig. 5. Variations of DTP of total system versus evaporator pressure.

variations of overall system DTP against evaporator pressure are
depicted in Fig. 5.

6. Conclusions

This paper presents a detailed energy and exergy analysis of a
basic as well as three modified Organic Rankine Cycles (ORCs) us-
ing R-113 as working fluid. The modified ORCs considered incorpo-
rating turbine bleeding (ORC (b)), regeneration (ORC (c)) and both
of them (ORC (d)). For a comprehensive thermodynamic analysis,
some important parameters such as degree of thermodynamic per-
fection, exergy efficiency, and influence coefficient are also calcu-
lated.

The results show that the basic ORC has the lowest exergy ef-
ficiency (31.2%) and the highest total exergy loss (50.9 kW). And
the biggest part of the system exergy loss is related to evapora-
tor (37 kW). The modified ORCs (b), (c) and (d) improve the evap-
orator exergy losses by 5.5%, 48.5% and 55%, respectively. It is
due to increase in evaporator feed temperature by bleeding with
working fluid from the turbine in a direct contact heater. Reduc-
tion in the total exergy losses by modified ORCs lead to incre-
ment in the overall system exergy efficiency by 6.5%, 10% and 14%,
respectively.

The integrated ORC to regenerator and a feed-water heater
(ORC (d)) presents the maximum thermal and exergy efficiencies
(22.8% and 35.5%) among the evaluated cycles, on account of
additional benefits such as decrease in cold utility demand and
generation of high power. Consequently the total system exergy
loss is decreased in 42.2 kW and the degree of thermodynamic
perfection is improved to 76%.

The results show that for four cycles the thermal and exergy
efficiencies increase and the system exergy loss decreases with
the evaporator pressure increasing. In this way the discrepancy
between the evaporator temperature and the hot gas stream
temperature entering the evaporator is reduced. So the used
exergy and the exergy efficiency are improved.
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