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This paper presents the energy and exergy analyses of some different organic fluids which can be used in an
organic Rankine cycle adapted to a municipal solid waste power plant in the frame of energy recovery. The novelty
of the study is to adapt a well-known organic Rankine cycle system theoretically to the existing municipal solid
waste power plant where the exhaust gas with a temperature of almost 560 °C is sent to atmosphere causing both
energy loss and air pollution, and also violating the related legislation. The efficient organic fluid that can be used
in such a plant is estimated by means of the thermodynamic analyses. It is known that, in a typical municipal
solid waste power plant, a considerable amount of energy is sent up from a plant chimney to the atmosphere.
This waste energy can be utilized by using an adapted organic Rankine cycle system with a proper organic fluid.
In this frame, some different organic fluids were examined and compared thermodynamically in this study. The
optimal operation conditions of some organic fluids, R141b, isobutane, R245fa, n-pentane and n-hexane have been
evaluated by means of ASPEN and EES software programs. The effects of the outlet temperature of heat source on
the energetic and exergetic efficiencies and the net power output at a given pinch point temperature difference were
investigated. It can be deduced from the analyses that n-hexane has the highest energetic and exergetic efficiencies
at all outlet temperatures of the heat source such as 8.92% and 34.47% at 82.08 °C, respectively. It can also be

stated that the maximum net power output is obtained by using the organic fluid n-hexane.
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1. Introduction

Organic Rankine cycle (ORC) is a low grade thermal
energy recovery technology due to its small scale feature
from geothermal energy, solar energy, biomass energy
to especially waste heat energy. Municipal solid waste
(MSW) can be returned into an opportunity for a sus-
tainable production of energy which is known as “waste-
to-energy” (WTE). The details in MSW technology can
be found in [1].

There are many studies in ORC research field to evalu-
ate effective parameters on its performance. Energy and
exergy analyses of a waste heat driven ORC were per-
formed by Kagka [2] considering the performance of the
cycle and pinpoint sites by means of actual data. In
most studies, energetic and exergetic efficiencies of typ-
ical ORC systems with a variety of organic fluids were
examined [3—6]. In this research field, another important
parameter which affects the performance of a system is
estimated as the outlet temperature of heat source. Many
ORC systems based on the heat source temperature do-
main for the thermal efficiency, the exergy destruction
rate and the mass flow rate were investigated by Li [7]. A
thermo-economic methodology was performed by Desai
and Bandyopadhyay [8] in order to compare organic and
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steam Rankine cycles. Some researchers focused on the
selection of proper and more effective working fluids [9-
12]. There are also many studies on thermodynamic anal-
yses of similar energy conversion systems [13—17].

In this paper, an ORC system which is theoretically
adapted to the existing MSW power plant is analyzed
thermodynamically. Energetic and exergetic efficiencies
of the ORC system are evaluated in the frame of energy
recovery with five different organic fluids using ASPEN
and EES programs at an evaluated pinch-point temper-
ature difference, AT, = 7°C.

2. System description and thermodynamic
analyses

An ORC system is analyzed in this study as an alter-
native energy recovery system adapted to a MSW power
plant (GMSWPP) which has 5.66 MW installed power
in Gaziantep considering the potential energy produc-
tion from the exhaust gas by using five different organic
working fluids. In GMSWPP, the landfill gas (LFG) is
created during the anaerobic decomposition of organic
substances in MSW, industrial, and medical wastes. Un-
fortunately, the exhaust gas with a high temperature of
approximately 560°C is sent to the atmosphere, which
results in both energy loss and air pollution. According
to the related legislation, the exhaust gas can be sent
to the atmosphere with a temperature up to 60°C. For
this reason, an ORC system which is given in Fig. 1 is
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modelled and adapted theoretically to the existing GM-
SWPP using ASPEN software program. The organic flu-
ids are selected as R141b, isobutane, R245fa, n-pentane
and n-hexane (Table I). The energetic and the exergetic
efficiencies through the adapted system are evaluated us-
ing the following equations:

Nth = Wnet/QH, (1)

g = (Wnet + Ejjout)/Ei'ina (2)
where 7, and € are the energetic and exergetic efficien-
cies of the ORC system, respectively, Wy is the net
power output, Qg is the heat transfer rate to the evap-
orator, Et;, and EZ,,; are the exergy rate of all inputs

and outputs through the system, respectively.
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Fig. 1. Organic Rankine cycle model adapted to a mu-
nicipal solid waste power plant.

TABLE I

Technical data of organic fluids.

Organic |Mol. wt.| Perit | Terie | ALT |ODP| GWP
fuid | [g/mol] | [bar] | [°C] [¥] | 1100 3]
R141b 116.9 | 44.6 |206.81| 9.3 | 0.12 725

isobutane 58.1 36.4 | 134.7 |12+£3| 0 ~20

R245fa 134 36 |154.05| 7.6 0 1030
n-pentane| 72.1 33.7 |196.55|12+3| O ~20
86.175 [30.34|234.67| n/a | n/a n/a

ALT — atmospheric lifetime, ODP — ozone depletion
potential, relative to R11, GWP — global warming po-
tential, relative to CO2

n-hexane

In this study, the aim is to investigate both the
performance of the organic fluids in the ORC systems
at constant heat available and also the influences of the
mass flow rate of the organic fluids for each one. The
operating conditions of the ORC system are tabulated
in Table II. The thermodynamic analyses performed for

each subcomponent of the ORC system are tabulated in
Table III.

TABLE II

Operating parameters of the ORC system.
Parameter Value

inlet temperature of heat source [°C], Ths,in 90
outlet temperature of heat source [°C|, Ths,out |46.65-82.08
mass flow rate of heat source [kg/s|, mps 16
evaporating temperature [ °C|, Tevp 46.65-82.08
condensing temperature [ °C|, Teon 35.91-51.94
isentropic efficiency of pump, npumyp,s 0.75
isentropic efficiency of turbine, ns,s 0.75
inlet temperature of cooling water [°C|, Tew,in 20
outlet temperature of cooling water [°C|, Tew,out 23-27
ambient temperature [°C|, Tymp 20

TABLE III

Thermodynamic analyses of each subcomponent in ORC.

M1 = Mg = Ty, M10 = M11 = Meghaust
heat " ___1|mio(hio — hi1) = ma(he — h1)
exchanger W:l I Eghe = 1010 — ¥11) — (2 — Y1)

— _ra(Po—t1)
Ehe = Tio(Wr0—v11)

—pe-

Mg = Mg = Ty, M4 = M5 = Moy

evaporator - ] ‘( 17'14(h4 - h.5) = mz(h?’ N hz)
Eg,cvp = ma(ha — s) — iz (Y3 — 2)
c _ ma(Y3—v2)
CUP T 1 (Ya—s)
ms = me = Moy
Wout = Wturb,act = 7’5’L5(]’L5 - hﬁ)

turbine - .
Wout = W turb,rev — M5 ('¢'5 - wﬁ)
Wy,
6 Ed,t = ”t,'rev - ”t,a €t = 7, -
t,rev

Me = My = Mef, Mg = Mg = T
condenser ‘FE:[ g (he — h.7) = mg(hg — h8)
’ ' Ed,con = mG(T/JG - w7) — mg(’tllg — 1/)8)

e — Ths(¥o—1s)
Com T g (e —P7)

Tha =y = s

Win = Wpump,a = ma(ha — h7)
Win = Wpump,rev = Th15(1[14 - w7)
Ed,pump = Wpump,a - Wpump,rev

Wpump,rev

pump

Epump = Wpump,a

3. Results and discussion

In this paper, the effect of the outlet temperature of
the heat source on the net power output, the energetic,
and the exergetic efficiencies is investigated at the evalu-
ated pinch-point temperature difference of AT, = 7°C
and the related results are compared. The main results
of the systematic analyses of the ORC system with the
corresponding organic working fluids are tabulated in Ta-
ble IV.
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TABLE IV
Evaluated thermodynamic data for organic fluids at
AT, = 7°C.
Fluid th Ths Wnet Nth 3 Pe’up mof Wpump Pcon Tte I
(kW] | [°C] | [kW] | [%] | [%] | [bar] | [ke/s| | [kW] | [bar] | [°C] | [kW]
5448 | 46.65 51.8 0.95 | 24.25 1.29 24.14 1.21 1.11 36.29 | 588.73
4881 | 51.18 | 112.3 | 2.30 | 25.90 1.49 21.08 1.48 1.03 35.91 | 507.77
4047 | 57.82 | 161.8 | 4.00 | 28.18 | 1.83 16.95 2.54 0.95 | 36.04 | 395.78
R141b 3363 | 63.26 | 174.1 | 5.18 | 29.75 2.1 13.74 3.02 0.88 | 36.58 | 318.78
2667 | 68.81 | 142.6 | 5.35 | 30.63 2.5 11.02 2.87 1.08 | 42.38 | 275.69
2127 | 73.12 | 122.0 | 5.74 | 31.73 2.9 8.63 3.11 1.1 43.44 | 221.60
1554 | 77.66 | 99.61 | 6.41 | 32.98 3.05 6.23 2.62 1.04 | 45.46 | 160.30
999 | 82.08 | 67.62 | 6.80 | 34.01 | 3.18 3.93 1.93 1.04 | 48.80 | 109.81
5448 | 46.65 | 29.86 | 0.55 | 23.93 | 4.82 16.59 1.66 4.48 | 37.87 | 604.54
4881 | 51.18 | 58.23 | 1.19 | 24.88 5.4 14.56 291 4.6 40.22 | 557.81
4047 | 57.82 | 98.00 | 2.42 | 26.93 6 11.53 5.76 4.3 42.60 | 457.19
isobutane 3363 | 63.26 | 166.2 | 4.94 | 29.65 6 9.19 4.59 4.3 48.12 | 323.61
2667 | 68.81 | 135.6 | 5.08 | 30.54 9 7.43 9.63 4.2 41.89 | 279.90
2127 | 73.12 | 121.4 | 5.71 | 31.69 9.7 5.7 9.12 3.9 42.34 | 223.38
1554 | 77.66 | 94.65 | 6.07 | 32.88 10.6 3.99 9.19 4 44.84 | 165.26
999 | 82.08 | 66.78 | 6.68 | 33.99 9 2.44 4.87 3.3 50.34 | 110.65
5448 | 46.65 | 57.56 | 1.06 | 24.32 | 2.46 28.78 2.88 2.02 36 585.35
4881 | 51.18 | 70.78 | 1.45 | 25.20 2.75 25.28 2.53 2.1 39.13 | 541.98
4047 | 57.82 | 98.45 | 2.25 | 26.80 2.7 21.4 2.14 1.8 43.35 | 463.46
R245fa 3363 | 63.26 | 132.9 | 3.95 | 28.84 | 4.11 16.22 3.24 1.9 41.41 | 363.29
2667 | 68.81 | 123.6 | 4.63 | 30.30 4.8 12.49 3.75 1.9 43.7 | 291.90
2127 | 73.12 | 109.0 | 5.13 | 31.47 5.4 9.74 3.9 1.9 45.44 | 234.55
1554 | 77.66 | 86.33 | 5.56 | 32.71 6.1 6.96 3.48 1.9 47.24 | 173.58
999 82.08 | 71.29 | 7.14 | 34.06 6.65 4.37 3.06 1.5 45.57 | 107.34
5448 | 46.65 | 67.33 | 1.24 | 24.52 1.13 14.76 0.59 0.93 | 36.45 | 575.58
4881 | 51.18 | 110.1 | 2.25 | 25.88 1.27 12.88 0.64 0.884 | 38.13 | 508.71
4047 | 57.82 | 130.8 | 3.23 | 27.64 1.45 10.24 0.2 0.85 41.99 | 422.23
n-pentane 3363 | 63.26 | 174.2 | 5.20 | 29.75 1.9 8.26 1.63 0.78 41.4 318.72
2667 | 68.81 | 153.7 | 5.76 | 30.87 | 2.21 6.35 1.77 0.8 44.71 | 264.01
2127 | 73.12 | 127.3 | 597 | 31.70 2 4.92 1.37 0.7 48.7 | 223.32
1554 | 77.66 | 98.59 | 6.34 | 32.96 2.1 3.51 1.14 0.68 | 51.94 | 161.33
999 | 82.08 | 76.91 | 7.70 | 34.17 | 2.65 2.21 1.17 0.65 | 51.51 | 101.73
5448 | 46.65 | 64.71 | 1.19 | 24.46 | 0.365 | 14.74 0.15 0.295 | 36.84 | 578.20
4881 | 51.18 | 121.5 | 2.49 | 26.26 | 0.437 | 12.82 0.26 0.275 | 38.07 | 490.19
4047 | 57.82 | 153.5 | 3.79 | 27.98 | 0.54 10.20 0.47 0.26 | 41.14 | 405.69
n-hexane 3363 | 63.26 | 180.8 | 5.38 | 29.81 | 0.67 8.21 0.55 0.233 | 42.26 | 316.10
2667 | 68.81 | 174.6 | 6.55 | 31.30 | 0.807 6.3 0.62 0.217 | 44.33 | 242.69
2127 | 73.12 | 155.9 | 7.33 | 32.33 | 0.926 491 0.63 0.205 | 46.01 | 192.24
1554 | 77.66 | 126.4 | 8.13 | 33.53 | 1.07 3.5 0.62 0.195 | 479 | 133.21
999 | 82.08 | 89.14 | 8.92 | 34.47 | 1.225 2.2 0.78 0.182 | 49.54 | 86.97

3.1. Net power output and heat available

Figure 2 shows the effect of the outlet temperature of
the heat source, Tys on the net power output and the
heat available for using n-hexane as an organic fluid at
AT,, = 7°C. It is obviously seen that high amount
of heat available does not support high amount of net
power output. The net power output is firstly increased

and then begins to decrease while the heat available de-
creases. This behavior of the net power output versus
the outlet temperature of the heat source is observed for
other organic fluids. The maximum net power output is
obtained at Tps = 63.26 °C.

The variations of the net power output of ORC for
five different working fluids at AT, = 7°C are given
in Fig. 3. Almost same parabolic relations between the
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Fig. 2. Effect of outlet temperature of heat source on
net power output and heat available at ATy, = 7°C.

outlet temperature of the heat source and the net power
output are observed for all organic fluids. It can be seen
from Fig. 3 that the net power output is increased with
Ths until Ty, = 63.26°C and after this temperature, it
begins to decrease dramatically for all organic fluids. It
can be deduced that the maximum net power output is
obtained when n-hexane is used as an organic fluid. On
the other hand, the net power output is seen to have
lowest value for isobutane as an organic fluid up to Tjs =
63.26 °C while the lowest value of the net power output
is observed for R245fa after Tj,, = 63.26 °C.
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Fig. 3. Effect of outlet temperature of heat source on

net power output at AT, = 7°C.

3.2. Energetic efficiency

The effect of the outlet temperature of the heat source
on the thermal efficiency, n;, of the ORC is also investi-
gated and the relationship is given for all organic fluids
in Fig. 4. For all examined organic fluids, the thermal ef-
ficiency of ORC is found to increase almost linearly with
the increase of the outlet temperature of heat source.
As it is well known, thermal efficiency is a function of
heat available and net power output whose relations are
given in Fig. 2. The thermal efficiency increases con-
tinuously although the net power output decreases after
The = 63.26°C. This is due to the decrease in both the
heat available and the net power output simultaneously
at Tjs>63.26 °C, which results in an increase of the ther-
mal efficiency. Then, it can be concluded that higher
thermal efficiency does not always mean more net power
output.
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Fig. 4. Effect of outlet temperature of heat source on

thermal efficiency at AT, = 7°C.

3.8. Mass flow rate

The influence of the outlet temperature of heat source,
Ths on the mass flow rate of organic fluids, m, is also ex-
amined and the relationship between them is illustrated
in Fig. 5. With the same amount of heat input, R245fa
has maximum mass flow rate in comparison with other
organic fluids while n-hexane and n-pentane have min-
imum values. It is obviously indicated that the mass
flow rate of any working fluid decreases linearly with the
increase of the outlet temperature of the heat source.
Meanwhile, the values of the mass flow rates of the or-
ganic fluids converge when the outlet temperature of the
heat source increases as can be seen from the figure. This
situation can be clarified with two reasons which are the
declination of the heat available and the different decreas-
ing rate of the latent heat of the organic fluids.
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Fig. 5. Effect of outlet temperature of heat source on

mass flow rate at ATy, = 7°C.

3.4. Turbine outlet temperature

The variation of the turbine outlet temperature of the
organic fluids with respect to the outlet temperature of
the heat source is given in Fig. 6. As can be seen from the
figure, all working fluids have almost same characteristic
behavior at AT}, = 7°C. It is obviously said that lower
slope of the relationship between them will result in more
net power output.

3.5. Exergetic efficiency

Figure 7 shows the variation of the cycle irreversibility
with respect to the outlet temperature of heat source. It
can be said that the cycle irreversibilities decrease lin-
early with increase of the outlet temperature of the heat
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source for all organic fluids. Although n-hexane has the
minimum cycle irreversibility, the maximum cycle irre-
versibility is seen for isobutane. Thus n-hexane is ver-
ified once more that it seems to be more feasible one
among other organic fluids. The maximum exergy de-
struction occurs in the evaporator of the ORC system
due to an increase in the temperature difference of the
working fluids throughout the evaporator. As expected,
the exergetic efficiency of the ORC system increases with
increasing amount of the outlet temperature of the heat
source for all organic fluids, which is illustrated in Fig. 8.
Meanwhile, it is clear that n-hexane and R245fa have the
maximum and the minimum exergetic efficiencies, respec-
tively. This means that n-hexane is seen to be the best
of all at the given operation conditions.
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Fig. 7. Effect of outlet temperature of heat source on
cycle irreversibility at AT,, = 7°C.
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4. Conclusion
A typical organic Rankine cycle within five different
organic fluids is proposed and analyzed thermodynami-
cally, which can be adapted to a municipal solid waste

power plant in the frame of waste heat recovery. In this
respect, systematic analyses are performed by using AS-
PEN Plus and EES software programs at ATy, =7°C
as a result of pinch point temperature difference analy-
sis. As a result of the systematic analyses, the following
concluding remarks can be outlined:

e High amount of heat available does not always
mean high amount of net power output.

e The net power output increases with the outlet
temperature of the heat source up to Tjs = 63.26 °C
and then, it decreases dramatically after Tp, =
63.26 °C for all organic fluids.

e The maximum net power output is produced from
the ORC system when n-hexane is utilized as an
organic fluid.

e The thermal efficiency of the ORC system is in-
creased with an increase in the outlet temperature
of the heat source.

e R245fa has maximum mass flow rate in compari-
son with other organic fluids while n-hexane and
n-pentane have minimum values.

e The cycle irreversibility decreases linearly with the
increase of the outlet temperature of the heat
source for all organic fluids.

e n-hexane has the maximum exergetic efficiency
while R245fa has the minimum one.

e As a result, n-hexane is found to be more feasible
organic fluid among others with regard to the anal-
yses on the net power output, the energetic and
exergetic efficiencies, the cycle irreversibility and
the mass flow rate in the range of the parametric
study.
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