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Chapter

The Development and Application
of a Small-Scale Organic Rankine
Cycle for Waste Heat Recovery

Tzu-Chen Hung and Yong-qiang Feng

Abstract

Power conversion systems based on organic Rankine cycles have been identified
as a potential technology especially in converting low-grade waste heat into electric-
ity as well as in small-scale biomass, solar, or geothermal power plants. The theoreti-
cal analysis can guide the ORC design, but cannot predict accurately the system
performance. Actually, the operation characteristics of every component have a
vital effect on the system performance. This chapter presents the detailed operation
characteristic of a small-scale ORC. The effects of the operation parameters, the
mixture working fluid and the operation strategy on system overall performance
are addressed. It can be concluded that improving the system overall performance
should give priority to increase the pressure drop. Whether the mixtures exhibit
better thermodynamic performance than the pure working fluids depend on the
operation parameters and mass fraction of mixtures. The mixture working fluids
obtain a higher expander shaft power but a relatively higher BWR. The expander
rotating speed for standalone operation strategy keeps rising from 2320 to 2983 rpm,
whereas that of grid connect operation strategy keeps constant of 3600 rpm.

Keywords: organic Rankine cycle (ORC), operation characteristic,
mixture working fluids, system generating efficiency

1. Introduction

Energy is an indispensable resource for human progress and social development,
improving energy efficiency has become a global research hot spot. Meanwhile, waste
heat resource utilization problem has received widespread attention. If those waste
heats can be effectively utilized, it will not only provide important technical support
for energy conservation, emission reduction and environmental protection, but also
generate certain economic benefits. Organic Rankine cycle (ORC) was adapted asa
new technology to utilize waste heat [1-3]. The principle of ORC is similar to that of
Rankine cycle. The main difference is that the low-boiling organic fluid can be used
to replace the water of the Rankine cycle, which can significantly reduce the final
discharge temperature, thus achieving the purpose of waste heat recovery [4-8].

Recently, many scholars have conducted in-depth research on ORC system
concerning on the working fluids selection, ORC performance optimization and
component development. However, the theoretical analysis can guide the ORC
design, but cannot predict accurately the system performance. Therefore, some
researchers devoted main effort on ORC experimental studies.

1 IntechOpen
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Mathias et al. [9] compared the operation characteristics using piston pump and
gear pump, expressing that the piston pump outperformed than the gear pump.
Carraro et al. [10] integrated a multi-diaphragm positive displacement pump into a
4 kW ORC experimental prototype, and found that the pump global efficiency was
about 45-48%. Xu et al. [11] used R123 to study the matching degree of the piston
pump and the expander. They stated that the low pump frequency was applicable
to all expander torques, while the high pump frequency was only applicable to
low torques. Zhao et al. [12] studied the diaphragm pump performance under
various conditions using four different working fluids. The experimental results
showed that a higher volume flow rate and pressure difference led to a higher
pump isentropic efficiency. Lei et al. [13] tested a roto-jet pump at different rotat-
ing speeds using R123. They illustrated that the pump efficiency was in range of
11-23%, and an increase in pump rotating speed or a decrease in mass flow rate
can cause the decrease in pump efficiency. Zeleny et al. [14] proposed a modified
gear pump used in micro ORC and discussed the contribution to pump different
losses. They stated that as the pressure increases, the effect of mechanical losses
decreased, while the volume loss was reversed. Bianchi et al. [15] applied a sliding
vane pump on the ORC using R236fa. When the mass flow rate increased from 52
to 119 g/s, the pump’s mechanical power increased by 289 W. Wu et al. [16] used
multistage gas-liquid booster pump to improve the performance of ORC system,
revealing that the maximum conversion efficiency from high-pressure air to water
was 0.72. Yang et al. [17] compared experimental characteristics of three pumps,
demonstrating that the maximum actual pump efficiency of multistage centrifugal
pump was 58.76%. Landelle et al. [18] discussed the operation characteristic of the
reciprocating pump, reporting that the reciprocating pump had eminent volumetric
efficiency and the ORC efficiency decreased as cavitation margin increased. Meng
et al. [19] analyzed the multistage centrifugal pump on the ORC, expressing that
the maximum overall pump efficiency was 65.7%. Bianchi et al. [20] changed
the heat source temperature and feed pump speed to explore the performance of
micro ORC. They found that the achieved pump efficiency was ranging from 10 to
20% and the net efficiency of the system was 2.2%. Yang et al. [21] studied the key
parameters of the hydraulic diaphragm metering pump. The tested efficiency and
BWR were 88.7% and 0.93, respectively. Bianchi et al. [22] used the CFD model to
design and analyze a sliding vane pump. The pump performance was found to be
optimal at 1250 rpm and 9.7 bar. Sun et al. [23] compared three different pumps
from the viewpoint of the actual cycle and the ideal cycle. The experimental
results showed that the combination of a centrifugal pump and a scroll expander
can maximize the isentropic efficiency of the expander. Xi et al. [24] analyzed the
influence of the plunger stroke of the working fluid pump on the system perfor-
mance by orthogonal analysis. The results showed that the plunger stroke had a
great influence on pump power consumption and working fluid flow. Aleksandra
Borsukiewicz-Gozdur [25] found that a higher pumping power required a higher
cycle pressure.

Compared with the pure working fluids, the main advantage of mixtures as ORC
working fluids stems from their non-isothermal phase transitions during vaporiza-
tion and condensation, and hence effectively match the temperature change of
heat source and cooling water. Therefore, great attention has been drawn to the
mixture working fluids. Dong et al. [26] compared the thermal efficiency of high-
temperature ORC system between mixture and pure working fluids, and found that
the range of options for working fluids was widened by the mixture working fluids.
Garg et al. [27] investigated the thermodynamic analysis using isopentane, R245fa
and their mixtures, reporting that 0.7isopentane/0.3R245fa was the preferred can-
didate working fluid. Lecompte et al. [28] discussed the exergy efficiency of ORC



The Development and Application of a Small-Scale Organic Rankine Cycle for Waste Heat...
DOI: http://dx.doi.org/10.5772/intechopen.88208

system using mixture working fluids, stating that the mixture presented 7.1-14.2%
higher second law efficiency than the pure working fluids. Zhao et al. [29] analyzed
the effect of composition shift of mixture working fluids on system performance,
demonstrating that the composition shift significantly influenced the performance
of ORC system. Liu et al. [30] investigated the effect of condensation temperature
glide using mixture on ORC performance, reporting that when the increase of
cooling water temperature is greater than the condensation temperature glide, an
optimal working fluid mole fraction can be obtained to maximum thermodynamic
performance. Furthermore, great attention has been drawn to the experimental
comparison between mixture and pure working fluids. Pu et al. [31] compared the
system performance using R245fa and HFE7100, showing that R245fa obtained
the maximum net power output of 1.98 kW, which is 0.95 kW higher than that of
HEF7100. Molés et al. [32] proposed using HCFO-1233zd-E to replace HFC-245fa,
and found that the net electrical efficiency was in rage of 5-9.7%. Jung et al. [33]
studied the dynamic behavior of a kW ORC test rig using R245fa/365mfc. Li et al.
[34] compared the system behaviors using R245fa and R245fa/R601a.

In this chapter, the effect of mass flow rate, pressure drop, degree of super-
heating and condenser temperature on thermal efficiency and system generating
efficiency are examined [35-36]. Several experimental investigations using pure
working fluids (R123 and R245fa) of small-scale ORC test rig have been performed.
However, few of them tried to fulfill the experimental comparison between pure
and mixture working fluids. And therefore, two pure working fluids (R245fa, R123)
and two mixtures working fluids (0.67R245fa/0.33R123 and 0.33R245fa/0.67R123)
are tested and compared [37]. The system behaviors at two different operation
strategies are addressed [38].

2. Experimental setup of ORC system

A 3 kW ORC experimental prototype is adopted, as shown in Figure 1. It
includes three loops: heating loop, ORC loop and cooling loop. The photo of experi-
mental layout and the main facilities of ORC system are plotted in Figure 2.

2.1 Heating loop

An electric heater using conduction oil is used as the simulated heat source,
within four electrical heating rods having the capacity of 80 kW. An axial pump
adjusted the mass flow rates of conductive oil, ensuring the heat source tempera-
tures ranging from 110 to 140°C. Meanwhile, the evaporator heat transfer rate can
be changed by adjusting the input power of electric heater, which is controlled by
the four electrical heating rods.

2.2 ORC loop

The ORC loop is made up of four major components: a plunger pump, an evapo-
rator, a scroll-type expander and a condenser. It should be noted that R123 is used in
this study because of its better thermal efficiency and environmental performance.
The pump supplies the working fluid to the evaporator where the working fluid is
heated and vaporized by the conductive oil. The high pressure vapor flows into the
expander and its enthalpy is converted into work. The low pressure vapor exits the
expander and is led to the condenser where it is liquefied by water. The liquid is
available at the condenser outlet, and then it is pumped back to the evaporator and a
new cycle begins.
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Figure 1.
Schematic diagram of an ORC system.

Figure 2.
The photos of (a) experimental setup, (b) the expander generator set, and (c) the electrical load.
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The plunger pump is controlled by a frequency converter, with the achievable
maximum delivered pressure head and flow rate are 50 bars and 18 L/min, respec-
tively. The pump power consumption can be obtained by measuring the voltage
and current, while the pump shaft power can be calculated by the thermodynamic
parameters at the inlet and outlet of pump.

The evaporator and condenser are plate heat exchangers with the same heat
transfer area of 4.157 m”. Asbestos board and insulating foam are equipped around
the evaporator and condenser to avoid the heat loss.

A scroll-type expander, which was modified from commercial oil-free scroll
type air compressor with a built-in volume ratio of three, is employed. The
expander shaft power is transferred to the three-phase permanent-magnet genera-
tor by pulley and belt. The alternating current produced by permanent-magnet
generator is converted to direct current using three bridge rectifier. The frequency
of direct current is adjusted by the electrical resistance and capacitance to meet the
grid frequency requirements.

2.3 Cooling loop

The cooling tower is installed at roof and extras the heat from condenser to air
environment. Therefore, the cooling inlet water is fluctuated by the environmental
temperature. The needle value is used to adjust the mass flow rate of cooling water.

3. Thermodynamic analysis method

It should be noted that the thermodynamic properties of pure and mixture
working fluids are obtained based on NIST Refprop [39]. Based on the measured
temperatures and pressures, the corresponding enthalpies and entropies for every
state can be obtained. Figure 3 shows T-s plot of the thermodynamic cycle. For the
expander, the vapor working fluid (state 1) enters the expander to generate power
output, and then exits (state 2). The evaporator heat transfer rate (q,,,), which is
heated by the conductive oil, is

Evaporator model  heating | evaporating, =f—superheating
' Heat source 113: 1(:) 9
: : 5
~ 12 N\ ATsup
< ! 7 8| .
2 !
g )
s s <
2, 5s 7 3 2s
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Figure 3.
T-s plot of the ORC cycle, as well as the evaporator and condenser model.
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Qeva = m(hl - h'6) (1)

The expander power output is calculated according to the thermodynamic state
at expander inlet and outlet, while the expander shaft power is measured by torque
meter, which can be obtained by torque and rotating speed. Meanwhile, the ideal
isentropic expansion process in expander is from 1 to 2 s, while the real one is from
1to 2. The expander power output (w,,,,) and shaft power (w,,,,,) can be expressed
as follows:

,eXp

Wp,exp = Wl(hl = hz) (2)

Wsh,exp = %Mexp Mexp (3)

where /; and k; are the inlet and outlet enthalpy of expander, which is deter-
mined by the measured pressure and temperature; M.y;, is the torque, and 7.y is the
rotating speed, which is measured by tachometer.

The electrical power produced by generator can be calculated by measuring
the current and voltage. The pump shaft power can be calculated by the mea-
sured pressure and temperature, while the power consumption is measured by
pump frequency converter. To better understand the portion of the electricity
output for driving the pump, back work ratio (BWR) is proposed to represent
the ratio between pump consumption and electricity output, which can be
expressed as:

Wele m
BWR = — b 4
Wele,exp ( )

The thermal efficiency and system generating efficiency can be expressed as:

hi-hy) - (hg-h
Nth,cal = ( ! ;l)l ~ ]i: S) (5)
Wg - W,
Nth,test = % (6)
Wee,ex T ele,
Moo = =G )

4. Effects of different operation parameters

The operation parameters have a significant influence on system performance.
Based on the 3 kW ORC experimental prototype, the steady-state operation test is
discussed at first, and then the four operation parameters on system behavior are
examined.

4.1 Steady-state operation test

The heat input is used to control the heat source temperature, while the work-
ing fluid pump frequency is adopted to adjust the working fluid mass flow rate.
The experimental data is collected at every 5 s. The test is recorded when the heat
source temperatures are within a small fluctuation below +0.5°C. One point is the
average value of a 20 min steady operation. When the mass flow rate is in range
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Figure 4.
Variation of heat source temperatures and mass flow rates with time.

of 0.124-0.222 kg/s and heat source temperature is in range of 110-140°C, the
variation of heat source temperatures and mass flow rates with time are plotted in
Figure 4. Obviously, the mass flow rate and heat source temperature have a rela-
tively stable variation.

Taking the mass flow rate of 0.124 kg/s and heat source temperature of 110°C
as an example, the detailed steady-state operation characteristic for 20 min steady
operation is shown in Figure 5. It can be seen that the pump outlet pressure
(Figure 5b), expander inlet pressure (Figure 5¢), and mass flow rate of working
fluids (Figure 5f) have a relativelSy strong variation, indicating that a control
strategy for the pump and expander is necessary.

4.2 Effect of mass flow rate

The working fluid mass flow rate is adjusted by the pump frequencies. Figure 6 plots
the variation of thermal efficiency with mass flow rate at different heat source tempera-
tures. It can be seen that the thermal efficiencies for different heat source temperatures
have a similar behavior of a decreasing trend with mass flow rate, which may be attrib-
uted to the increasing heat input. Meanwhile, the thermal efficiency keeps rising with
the heat source temperature, which may be attributed to the increasing power output. It
also can be found that when the mass flow rate is 0.124 kg/s and the heat source tem-
perature is 140°C, the thermal efficiency owns a maximum value of 5.14%.

Figure 7 shows the variation of system generating efficiency with mass flow rate
at different heat source temperatures. As the mass flow rate increases, the system
generating efficiency keeps decreasing for a heat source temperature smaller than
120°C, whereas represents a parabolic trend for a heat source temperature higher
than 130°C. Meanwhile, the system generating efficiency keeps rising with the heat
source temperature. A highest system generating efficiency of 3.25% is appeared for
a mass flow rate of 0.198 kg/s and a heat source temperature of 140°C. The system
generating efficiency is in range of 0.94-3.25%.

4.3 Effect of pressure drop

The pressure drop denotes the expander inlet pressure minus the pump inlet
pressure. The variation of electrical power, thermal efficiency and system generating
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Variation of electrical power, thermal efficiency and system generating efficiency with pressure drop.

efficiency are demonstrated in Figure 8. As the pressure drop increases, the system
generating efficiency and thermal efficiency own a similar behavior of an increase
first and then a slightly decrease, whereas the electrical power goes up. The increas-
ing heat input causes the parabolic trend for thermal efficiency and system generat-
ing efficiency. A higher pressure drop denotes a higher investment cost of heat
exchanger for pressure-bearing requirement. And therefore, the optimum pressure
drop is 8.16 bar, with the corresponding thermal efficiency of 5.89% and system
generating efficiency of 3.86%. It also can be found that the maximum thermal effi-
ciency of 5.92% and maximum system generating efficiency of 3.93% are obtained
with the corresponding pressure drop of 9.33 bar.
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4.4 Effect of degree of superheating

The variation of electrical power, thermal efficiency and system generating
efficiency with degree of superheating are displayed in Figure 9. It can be seen that
the electrical power, thermal efficiency and system generating efficiency yield a
small variation with the degree of superheating, which is in line with the theoretical
study. The main reason is that the degree of superheating has a negligible effect on
the power output. The electrical power of 1.35 kW, thermal efficiency of 6.48% and
system generating efficiency of 3.91% can be owned.

4.5 Effect of condenser temperature
The needle value is used to adjust the cooling water mass flow rate, while the

working fluid mass flow rate is set to be 0.10 kg/s. The variation of electrical power,
thermal efficiency and system generating efficiency with condenser temperature are
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Variation of electrical power, thermal efficiency and system generating efficiency with degree of superheating.
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demonstrated in Figure 10. As the condenser temperature increases, the electrical
power, thermal efficiency and system generating efficiency own a similar behavior of
a decrease trend. The main reason is that the rising condenser temperature decreases
the expander enthalpy difference, resulting in the decrease in the power output. When
the condenser temperature increases from 22 to 43°C, the electrical power decreases
from 0.83 to 0.50 kW, while the thermal efficiency decreases from 3.02 to 1.34%.

Based on the parametric analysis, the pressure drop has a relatively effect on the
system performance, indicating that improving the system overall performance
should give priority to increase the pressure drop. Meanwhile, the optimum electri-
cal power and thermal efficiency are 1.89 kW and 5.92%, respectively. The maxi-
mum thermal efficiency does not represent the highest electrical power, which is in
line with the theoretical study.

5. Operation characteristics comparison between mixture and pure
working fluids

To better compare the operation characteristics between the pure working fluids
and mixture working fluids, two pure working fluids (R245fa, R123) and two mix-
tures working fluids (0.67R245fa/0.33R123 and 0.33R245fa/0.67R123) are tested.

BWR denotes the ratio between pump consumption and electricity output. For
theoretical study, the pump consumption is always ignore, whereas it accounts for a
large proportion for ORC experimental prototype. The BWR for R245fa, R123 and
their mixtures are displayed in Figure 11. As the mass flow rate increases, the BWR
for different working fluids own a parabolic trend. There is an optimum mass flow
rate to the lowest BWR. Meanwhile, the mixture working fluids yield a relatively
higher BWR than the pure working fluids. 0.67R245fa/0.33R123 owns the highest
BWR, while R123 yields the lowest BWR. BWR is in range of 11.86-23.22%, indicat-
ing that improving the pump operation characteristics is one way to enhance the
ORC performance.

Figure 12 shows the expander shaft power with mass flow rate for R245fa, R123
and their mixtures. It can be seen that as the mass flow rate increases, the expander
shaft power for R245fa, 0.67R245fa/0.33R123 and 0.33R245fa/0.67R123 present a
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Figure 11.
Variation of BWR with mass flow rate for R245fa, R123 and their mixtures.
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Variation of thermal efficiency with mass flow rate for R245fa, R123 and their mixtures.

similar trend of increase first and then decrease, while that of R123 almost has no
change. The highest expander shaft power is obtained by 0.67R245fa/0.33R123,
while the lowest one is got by R123. One optimum mass flow rate is existed to ensure
the highest expander shaft power. The maximum expander shaft power for R245fa
of 2.76 kW, 0.67R245fa/0.33R123 of 2.85 kW, 0.33R245fa/0.67R12 of 2.46 kW and
R123 of 1.82 kW are obtained.

The thermal efficiencies for R245fa, R123 and their mixtures are plotted in
Figure 13. As observed, as the mass flow rate increases, the thermal efficiencies
for 0.33R245fa/0.67R123, 0.67R245fa/0.33R123 and R123 keep decreasing, whereas
that of R245 presents a parabolic trend. The thermal efficiency is determined
by the net power output and heat input. The main reason is the comprehensive
effect of the increasing net power output and heat input. It also can be found that
the mixture working fluids have a relatively higher thermal efficiency than the
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Figure 14.
Variation of system genervating efficiency with mass flow rate for R245fa, R123 and their mixtures.

pure working fluids. The maximum thermal efficiencies for R245fa of 6.70%,
0.67R245fa/0.33R123 of 7.33%, 0.33R245fa/0.67R123 of 6.99% and R123 of 5.06%
are obtained. 0.67R245fa/0.33R123 owns the highest maximum thermal efficiency
of 7.33, 9.4% higher than that of R245fa and 44.86% higher than that of R123.

Figure 14 shows the system generating efficiencies with mass flow rate for
R245fa, R123 and their mixtures. The system generating efficiencies for differ-
ent working fluids have a same trend with the thermal efficiency (as shown in
Figure 13). The comprehensive influence of heat input and net electricity output
enables the parabolic trend in system generating efficiency. The maximum sys-
tem generating efficiencies for R245fa of 4.03%, 0.67R245fa/0.33R123 of 4.53%,
0.33R245fa/0.67R123 of 4.18% and R123 of 3.10% are yielded. Meanwhile, the cor-
responding mass flow rate for maximum system generating efficiencies of R245fa,
0.67R245fa/0.33R123, 0.33R245fa/0.67R123 and R123 are 0.130, 0.149, 0.125 and
0.124 kg/s, respectively. 0.67R245fa/0.33R123 owns the highest system generating
efficiency of 4.53%, which is 12.41% higher than that of R245fa.

Through the experimental comparison between the pure and mixture work-
ing fluids, it indicates that whether the mixtures exhibit better thermodynamic
performance than the pure working fluids depend on the operation parameters and
mass fraction of mixtures. Meanwhile, the mixture working fluids obtain a higher
expander shaft power but a relatively higher BWR, indicating enhancement in
pump is necessary for ORC application.

6. System behaviors at different operation strategies

To ensure that ORC can operate at different zone, two operation strategies are
proposed: stand alone and gird connect operation strategies. The mass flow rates and
expander rotating speed with heat input for standalone and gird connect operation
strategies are displayed in Figure 15. As the heat input increases, the mass flow rate for
standalone operation strategy is in range of 0.153-0.359 kg/s, while that of grid con-
nect operation strategy increases from 0.230 to 0.420 kg/s. Meanwhile, the expander
rotating speed for standalone operation strategy keeps rising from 2320 to 2983 rpm,
whereas that of grid connect operation strategy keeps constant of 3600 rpm.
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Figure 15.
Variation of working fluid mass flow rates and expander rotating speed with heat input for standalone and
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Variation of thermal efficiencies with heat input for standalone and givd connect operation strategies.

Figure 16 shows the thermal efficiencies with heat input for standalone and gird
connect operation strategies. When the heat input increases from 34.18 to 87.40 kW,
the thermal efficiency for standalone operation strategy decreases 4.04-3.64%,
which may be attributed to the comprehensive effect of increasing heat input.
However, for the gird connect operation strategy, the thermal efficiency increases
from 0.96-4.89% with heat input. Meanwhile, when the heat input is lower than
74.20 kW, the stand alone operation strategy owns a relatively higher thermal
efficiency than the gird connect operation strategy, but an opposite trend for the
heat input higher than 74.20 kW. When the heat input is 102.62 kW, the gird con-
nect operation strategy yields the highest thermal efficiency of 4.89% The system
generating efficiencies with heat input for standalone and gird connect operation
strategies are demonstrated in Figure 17. The system generating efficiencies for
standalone and gird connect operation strategies present a similar trend with the
thermal efficiencies (as shown in Figure 16). The maximum system generating
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Figure 17.
Variation of system generating efficiencies with heat input for standalone and givd connect operation strategies.

efficiency for gird connect operation strategy is 4.59%, which is 35% higher than
that of standalone operation strategy approaching of 3.40%.

7. Conclusion

Power conversion systems based on organic Rankine cycles have been identified as
a potential technology especially in converting low-grade waste heat into electricity.
This chapter presents the detailed operation characteristic of a small-scale ORC. The
effect of mass flow rate, pressure drop, degree of superheating and condenser temper-
ature on thermal efficiency and system generating efficiency are examined. Two pure
working fluids (R245fa, R123) and two mixtures working fluids (0.67R245fa/0.33R123
and 0.33R245fa/0.67R123) are tested and compared. The system behaviors at two
different operation strategies are addressed. The pressure drop has a relatively effect
on the system performance, indicating that improving the system overall performance
should give priority to increase the pressure drop. The maximum thermal efficiency
does not represent the highest electrical power, which is in line with the theoretical
study. The degree of superheating exhibits insensitive on the electrical power. There
is an optimum mass flow rate to ensure the minimum BWR. Whether the mixtures
exhibit better thermodynamic performance than the pure working fluids depend on
the operation parameters and mass fraction of mixtures. Meanwhile, the mixture
working fluids obtain a higher expander shaft power but a relatively higher BWR. The
expander rotating speed for standalone operation strategy keeps rising from 2320
to 2983 rpm, whereas that of grid connect operation strategy keeps constant of
3600 rpm. When the heat input is lower than 74.20 kW, the stand alone operation
strategy owns a relatively higher thermal efficiency than the gird connect operation
strategy, but an opposite trend for the heat input higher than 74.20 kW.
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