Chapter 15

Solar Assisted Organic Rankine Cycle
for Power Generation: A Comparative
Analysis for Natural Working Fluids

Onder Kizilkan, Sandro NiZeti¢, and Gamze Yildirim

Introduction

The steam Rankine cycle is one of the most important ways to transform on large
scale thermal energy into power. Because of its good properties, water is the most
suitable working fluid for high temperature applications and large centralized
systems. Seeking for small and medium scale power plants, the problems encoun-
tered with water can be partially mitigated by selecting an appropriate fluid.
Organic compounds characterized by higher molecular mass and lower critical
temperature than water have been proposed in so called Organic Rankine Cycles
(ORC) (Tchanche et al. 2011). ORC, as a method of low grade heat utilization can
rise the energy utilization by conversion of heat into electric energy
(He et al. 2012). There are lots of low temperature practices in which the ORC
can be used such as solar thermal, biomass geothermal oceanic, waste heat from
power plants, combined heat and power, waste heat from industrial processes, etc.
(Peris et al. 2015).

The development of solar assisted power plants is becoming more crucial
because of effects of fossil fuels. For this reason, there is a need to improve existing
technologies integrated with solar energy. These systems offer better advantages
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when compared traditional energy sources. Parabolic trough solar collector
(PTSC) technology is considered the most established solar thermal technology
for power generation. Therefore, this technology has been chosen for this study
(Al-Sulaiman 2013).

Organic Rankine Cycle (ORC) as a promising energy transformation technology
has been the focus of many investigators (Kerme and Orfi 2014). Over the last
decades, significant researches have been carried out in the field of ORC systems.
Dai et al. (2009) studied ORC for low grade waste heat recovery using various
fluids. They examined thermodynamic parameters of the ORC for every working
fluid. They concluded that the cycle with R236EA had the highest exergy perfor-
mance. He et al. (2012) recommend a theoretical model to check out optimal
evaporation temperature of subcritical ORC. In a different study, organic Rankine
cycle and supercritical Rankine cycle for the transformation of low-grade heat into
electrical power investigated by Chen et al. (2010). They analysed 35 different
fluids for two cycles and analysed the effects of the selected fluid characteristics on
the cycle performance. Wang et al. (2013) conducted a regenerative ORC to make
use of the solar energy over a low temperature series. They used flat-plate solar
collectors to collect the solar radiation for their low costs. Lee et al. (2012) inves-
tigated the impact of changing the proportion of the cooling water to the condenser
on the performance of the ORC. They used R245fa in their analysis. Shengjun
et al. (2011) studied performance comparison of the fluids in subcritical and
transcritical ORC power cycle in 80-100 °C binary geothermal power system.
They conducted the analyses with a program in MATLAB for thermal efficiency,
exergy efficiency, recovery efficiency, heat exchanger area and levelized energy
cost. Thermodynamic optimization of ORCs for power generation combined
heating and power from different average heat source profiles researched by
Maraver et al. (2014). Vélez et al. (2011) investigated the use of a low temperature
heat source for power generation a carbondioxide transcritical power cycle theo-
retically. They reported that the efficiency have been increased by the use of an
additional internal heat exchanger. Franchini et al. (2013) carried out simulations to
estimate the performance of a solar Rankine Cycle and an integrated solar com-
bined cycle. They combined the system with two different solar field configurations
based on parabolic trough and power tower systems.

In this study, solar energy driven ORC is investigated thermodynamically for
different natural refrigerants. For collecting the solar energy, PTSCs are used
because of their good advantages. For the analyses of ORC, eight natural working
fluids and a HFC type fluid are considered including, R170 (ethane), R1270
(propylene), R600 (butane), R600a (isobutene), R717 (ammonia), R744
(carbondioxide), R161 (fluoroethane), R218 (octofluoropropane), and a HFC type
fluid, R134a. Analyses are made to examine the system performances energetically
and exergeticaly. An attempt is also made to evaluate the exergy destruction rates in
order to determine how to improve the process. Furthermore, a comprehensive
performance assessment of the integrated system is conducted through parametric
analysis to investigate the effects of changing operating conditions on the system
efficiencies.
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Natural Refrigerants and System Description

Natural refrigerants provide alternatives to a number of HCFC, CFC and HFC type
refrigerants in addition to their zero ozone depletion potential (ODP) and low or no
global warming potential (GWP) (Bolaji and Huan 2013). They are naturally
occurring substances, such as hydrocarbons, ammonia, carbon dioxide, water and
air. These substances can be used as cooling agents (heat transfer medium) in
refrigerators and air conditioners (Refrigerants naturally 2015).

The general properties of the previously mentioned working fluids are given in
Table 15.1 (ASHRAE 2004; Restrepo et al. 2008; Calm and Hourahan 2011).
In the table, critical properties of the fluids are obtained using EES software
(F-Chart 2015). As seen from the table, the selected natural refrigerants have zero
ODP and relatively very small GWP values excluding R218 and R134a. Addi-
tionally, their atmospheric life times are relatively short. In spite of this, it must
be noted that some natural refrigerants such as R170, R1270, R600, R600a and
R161 are in A3 safety group which means they are highly flammable. Besides,
R744, R218, R134a are belonged to Al group that means they are
non-flammable. The last fluid, R717, is in the lower flammability group with
higher toxicity.

The ORC consists of four compounds: a turbine, an evaporator, a condenser and
a pump. Required heat energy for the evaporator of the ORC is supplied by means
of PTSCs. Therminol-VP1 is for the PTSC system as the heat transfer fluid (HTF),
for its good heat transfer properties and good temperature control (Therminol
2014). Because of its good properties, it is used in many high temperature applica-
tions driven by PTSC such as power plants (Kumar and Reddy 2009; Vogel
et al. 2014; Cheng et al. 2012; Al-Sulaiman 2014). The system operates as follows:
The liquid organic working fluid from condenser is compressed by the pump and
fed back to the evaporator, where it is heated by the useful heat delivered by the
solar PTSCs, and becomes superheated vapor. The superheated vapor then enters to
the turbine and expands to a low pressure. Subsequently, the turbine exhaust is
intensified to liquid in the condenser by extracting heat to the environment and the
cycle completes when the fluid is compressed by the pump. The schematic repre-
sentation of the system and the T—s diagrams of the case study are given in
Figs. 15.1 and 15.2 respectively.

In Fig. 15.2, there are two T—s diagrams, where the first one is for subcritical
and the second one is transcritical cycle. In subcritical cycle, the system properties
are under the critical values and in transcritical cycle, the heat absorption process
takes place above the critical values where heat rejection process takes place
below the critical values. For the second case, the gas heater placed instead of
evaporator.
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Fig. 15.1 Schematic representation of solar assisted ORC system (modified from Volker 2015)
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Thermodynamic Analysis

The performance of the solar driven ORC is mathematically modelled using mass,
energy and exergy balance equations. Some assumptions are made in order to find
the work and heat interactions, the rate of exergy destructions, and the energy and
exergy efficiencies. These are as follows:

» All the processes in the system are steady state and steady flow.

« The changes in potential and kinetic energies are neglected.

e The turbine and pumps are adiabatic.

¢ The heat transfer to/from ambient and pressure drops in the pipes are neglected.
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e The natural fluid at pump inlet is saturated liquid.

e The dead state pressure and temperature are taken to be Po=101.325 kPa and
To=25°C.

e The pinch point temperature of the evaporator and condenser/gas heater are
taken as 10 °C (Al-Sulaiman 2014).

The general mass balance equation can be written as (Cengel and Boles 2006):

Zmin :Zmom (151)

where m is the mass flow rate, subscripts in and out are entering and exiting streams
to and from the system, respectively.
The general energy balance

YE = Eou (15.2)

For steady-flow processes the general energy balance can be written in more
detail as:

O+ st hin=W+> 1 hou (15.3)

In above equations, E;, is the ratio of net energy transfer to the system, E,, is
the ratio of net energy transfer from the system, Q is the ratio of net heat, W is the
ratio of net work, and h is the specific enthalpy.

The rate of useful energy delivered by solar collector is (Tiwari 2003;
Kalogirou 2009)

Q, = FrlSA, — A UL(T; — Ty)] (15.4)
0, = mc,(To — T;) (15.5)

where Fy, is the heat removal factor, S is the solar irradiation, A, is the aperture area,
A, is the receiver area, Uy is the overall heat loss coefficient of solar collector,
subscripts i, 0 and 0 are inlet, outlet and dead state, respectively.

The heat removal factor, Fr can be calculated from (Kalogirou 2009)

mC —AULF
Fr = P11 — _ 15.
K ArUL |: exp( mCP ):| ( : 6)

where F’ is the collector efficiency factor and given by

F' =
U

(15.7)
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In Eq. (15.7), Uy is the overall heat transfer coefficient. Based on PTSC
properties, Uy and Uy, can be determined from (Kalogirou 2009):

-4 -1

U K Do Doln(%) 15.8
S PRCT T 19

U= — A + L] (15.9)
L _(hc,(:fa + hr,cfa)Ag h/',r'fc_ '

In above equations, h, ., is the convection heat loss coefficient between ambient
and the cover, h, ., is the radiation heat transfer coefficient for the glass cover to the
ambient, h, . is the radiation heat transfer coefficient between the receiver tube and
the glass cover and hy is the heat transfer coefficient of fluid inside the tube.
Additionally, D is the tube diameter and A, is the glass cover area. The definitions
of heat transfer coefficients mentioned above can be found in reference Kalogirou
(2009) in more detail.

The general exergy balance equation can be defined as (Dincer and Rosen 2007):

S =Yk, + Yk, (15.10)
The exergy balance equation can be expressed more explicitly as:
ExQ — Exy — Zn’ainem — Z rhomeo,,, + TOS'gen (15.11)

where, Exg and Exyw terms are the exergies of heat and work, e is the specific
exergy, Ty is the dead state temperature and S,.,, is the rate of entropy generation.
The exergy terms in Eq. (15.11) are described below (Dincer and Rosen 2007):

EXgest = ToS gen (15.12)
: (T —T
Exp = Q( 0) (15.13)
T
Exy =W (15.14)

The specific exergy can be expressed as (Cengel and Boles 2006; Bejan 1997):
e = (/’l—ho) —To(S—S()) (1515)

where, s is entropy, and subscript 0 stands for dead state properties.
The exergy of the solar radiation in terms of reference and sun’s temperature is
given by Petela (2005):



182 0. Kizilkan et al.

. 1/ To\* 4/T
EXsiar = SA, 1+§(T—°) _§(T—O) (15.16)

where T, is the temperature of sun’s surface and assumed as 5739 K
(Tiwari 2003).

The energy and exergy efficiencies are described below (Dincer and
Rosen 2007):

n= Wore (15.17)
Ok

o Exout —1_ Exdest

: (15.18)
Exin Exin

’7€X

Results and Discussion

For the thermodynamic analyses of the solar driven ORC, the system parameters for
baseline conditions are given in Table 15.2. System characteristics of solar assisted
ORC Table 15.2.

Using the general balance equations given in previous section, the analyses were
made for the base line conditions first. According to data given in Table 15.2,
the turbine power generations for different working fluids are given in Fig. 15.3.

Table 15.2 System characteristics of solar assisted ORC

PTSC system (Al-Sulaiman 2014; Pipe receiver inner diameter 0.04 m

Kalogirou 2009) Pipe receiver outer diameter 0.05 m
Glass cover diameter 0.09 m
Total length of PTSC 50 m
Mass flow rate of HTF 0.32 kg/s
Receiver emissivity 0.92
Glass cover emissivity 0.87
Temperature of the sun 5739 K
Absorbed solar radiation 500 W/m?
Wind velocity 5m/s

ORC Turbine isentropic efficiency 0.85
Pump isentropic efficiency 0.90
Evaporator temperature® 50°C
Condenser temperature 27 °C
Turbine inlet temperature 150 °C

“Turbine inlet pressure of ORC is determined from saturation pressure corresponding to evaporator
temperature excluding R170 and R744, since the critical properties of these fluids are below from
the specified values
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Fig. 15.3 Comparison of net power generation for different natural refrigerants
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Fig. 15.4 Comparison of energy efficiencies of ORC for different natural refrigerants

As seen from the figure, ORC working with R744 has the highest power generation
capacity and followed by R170, R717 and R161.

Figures 15.4 and 15.5 show the energy and exergy efficiencies of ORC for
different working fluids according to the energy and exergy analysis. As seen
from Fig. 15.4, the best energy performance is obtained using R744 with an energy
efficiency of 8 %, whereas the lowest energy efficiency belongs to R218 with an
efficiency rate of 4.3 %. The exergy efficiency results show that the highest
efficiency is found to be 7.1 % with R744 and followed by R170 and R717.

A comparison of the calculated exergy destruction rates of the solar assisted
ORC is given in Fig. 15.6. As seen from the figure, R218 has the highest exergy
destruction rate and followed by R600a, R600 and R134a. The lowest exergy
destruction rate is found to be 75.33 kW using R717.
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Fig. 15.6 Comparison of exergy destruction rates of ORC for different natural refrigerants

In Fig. 15.7, exergy destruction in the heat transfer process between the HTF and
the working fluid in the evaporator is given. As mentioned earlier, Therminol-VP1
was used as HTF and its properties were kept constant during the calculations.
Therefore, the differences between exergy destruction of evaporator is mainly
depends on the working fluid properties. From the figure, it can be seen that the
lowest exergy destruction rate in the evaporator is found to be 16.55 for R170,
followed by R218 and R744 where evaporator of R717 has the highest exergy
destruction with 19.41 kW.

Through parametric analyses, a comprehensive performance assessment of the
integrated system was conducted to investigate the effects of varying operating
conditions on the system efficiencies. For the parametric analyses, the variable
parameters were selected to be solar radiation intensity, turbine inlet temperature,
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Fig. 15.8 Variation of net power generation with solar radiation

and normalized pressure at the turbine inlet and condenser temperature. Figure 15.8
shows the variation of solar radiation intensity with turbine power generation. As
seen from the figure, turbine power generation increases with increase of solar
radiation from 350 to 800 W/m?.

Turbine inlet temperature also affects the cycle performance characteristics. To
determine the variation of turbine inlet temperature on energy and exergy efficien-
cies, it was varied between 70-150 °C (Figs. 15.9 and 15.10). As seen from the
figures, with the increase of turbine inlet temperature, energy and exergy efficien-
cies increase for R717. For the working fluids R744, R170, R134a, R600, R600a
and R218, the efficiencies decrease whereas they are not affected so much for R161
and R1210 with the temperature.

Figure 15.11 shows the variation of turbine inlet temperature with the total
exergy destruction rate of the system. As seen from the figure, the trend is contrary
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to energy and exergy efficiency variation. The total exergy destruction rate
decreases with increasing the turbine inlet temperature for R1270, R717, R744,
R170, it increases for R600a, R134a, R600, R218 and R161.

The condensation temperature is also one of the important parameter for assess-
ment of the system performance. To determine its effect on system performance, it
was changed from 25 °C to 30 °C and energy, exergy efficiencies and exergy
destruction rates were calculated (Figs. 15.12, 15.13 and 15.14). The results are
showed that, the energy and exergetic efficiencies decrease with the increase of the
condenser temperature for all working fluids except for R744 and R170. This result
is interesting since these two fluids are transcritical fluids. On contrary to this, the
total exergy destruction rate increase with the temperature, while for R744 and
R170 it decreases.

As declared in Table 15.2 at the beginning of this section, working pressures of
solar assisted ORC were determined according to the corresponding saturation
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Fig. 15.15 Variation of normalized turbine inlet pressure with energy efficiency

temperatures of evaporator for subcritical working fluids. For transcritical fluids,
the pressures were determined from the literature. Since the pressure values
of each working fluid differs from each other, they were normalized and the
figures were plotted using normalized pressure ranges for better understanding
of the results.

Figures 15.15 and 15.16 show the variation of energy and exergy efficiencies
with normalized turbine inlet pressure. It is very clear from the figures that with the
increase of turbine inlet pressure, efficiencies increase, too.

The effect of normalized turbine inlet pressure on the exergy destruction is given
in Fig. 15.17. From the figure, exergy destruction rates decrease with the turbine
inlet pressure since the exergy destruction rate is inversely proportional to the
energy and exergy efficiencies.
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Conclusions

A comparative analysis of solar assisted Organic Rankine Cycle for power gener-
ation using natural working fluids was investigated. The analyses were carried out
for environmentally friendly subcritical and transcritical natural working fluids.
The heat energy demand of the ORC was supplied using PTSCs working with
Therminol-VP1 as the heat transfer fluid. From the results it was observed that the
best cycle performance was obtained using R744 with a power generation rate of
4.87 kW and followed by R170, R717 and R161. Energy analysis results showed
that the best cycle had an energy efficiency of 8 % using R744 as working fluid. The
exergy efficiency of the same cycle was found to be 7.1 %. The highest total exergy
destruction rate was found to be 76.98 kW for R218. Additionally, the effects of
turbine inlet temperature, turbine inlet pressure and condensation temperature on
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system performance were analysed for different working fluids. This study points
out that natural refrigerants are compatible with ORC power generation systems
and more detailed experimental studies should be carried out for green energy
production assisted by solar energy.

Nomenclature

o

> > >
i)

Aperture area, m>
Glass cover area, m
Receiver area, m>
Specific heat, kl/kg K

Tube diameter, m

Specific exergy, kJ/kg

Energy, kW

Exergy, kW

Collector efficiency factor

Heat removal factor

Specific enthalpy, kJ/kg

Convection heat loss coefficient between ambient and the cover, KW/m?K
Radiation heat transfer coefficient for the glass cover

to the ambient, kW/m?K

Heat transfer coefficient of fluid inside the tube, kW/m?K

Radiation heat transfer coefficient between the receiver tube

and the glass cover, kW/m?K

Mass flow rate, kg/s

Heat, kW

Specific entropy, kl/kg K

Entropy, kW/K

Solar irradiation, kW/m?

Temperature, °C or K

Overall heat loss coefficient, kW/m? K

Work, kW

Overall heat transfer coefficient, KW/m? K

2

Greek Letters

n Efficiency
Subscripts

dest  Destruction
gen  Generation
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i Inlet

o Outlet

u Useful

0 Dead state
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