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Abstract

The increasing awareness on the environmental problems related to the use of the
traditional fossil fuel based power plants forces us to investigate and exploit more
sustainable sources of energy. Among the different renewable sources of energy,
solar power could play a primary role in the development of a new and more sus-
tainable electricity generation system.

While large scale concentrated solar power plants based on the steam Rankine
cycle have already been proved to be cost effective, research is still under progress
for small scale low temperature solar-driven power plants. The steam Rankine cycle
is suitable for high temperature applications, but its efficiency drastically decreases
as the heat source temperature drops, in these cases a much more promising con-
figuration is the so-called organic Rankine cycle.

The purpose of this thesis is to optimize a low temperature organic Rankine
cycle tailored for solar applications. The optimization paramecters arc the working
fluid and the turbine inlet temperature and pressure. Both pure fluids and binary
mixtures are considered as possible working fluids and thus one of the primary aims
of the study is to evaluate whether the use of multi-component working fluids might
lead to increased solar to electricity efficiencies.

The considered configuration includes a solar field made of parabolic collectors
and a recuperative organic Rankine cycle. Pressurized water is selected as heat
transfer fluid and its maximum temperature is fixed to 150°C'. The solar source is
modelled considering the solar irradiation of Sevilla (Spain) and the target power
output is 100 kW¢;. A part load analysis is carried out in order to define the most
suitable control strategy and both the overall annual production and the average
solar to electrical efficiency are estimated with an annual simulation.

The results suggest that the use of binary working fluids in an overall solar power
system leads to lower performance improvements than in the waste heat recovery
case (which was also investigated). When the part load control strategy considers
a constant value for the turbine inlet temperature the mixture behaves similarly
to the pure fluid configuration in off-design conditions, but is able to operate with
lower values of the solar collected energy. Anyway this cannot be considered true
for every possible control strategy.



ii

ABSTRACT



Preface

This thesis represents my final project for my Master Degree in Energy Engineering
at the University of Padova and it has been carried out at the Technical University
of Denmark (DTU), Department of Mechanical Engineering, Thermal Energy Sys-
tems section, during a 5 months period (September 2014 - January 2015).

I would like to thank my supervisors Fredrik Haglind and Anna Stoppato for
giving me the possibility to develop my final project in such an interesting field and
for the continuous guidance they provided me.

My special thanks also to Ph.D. students Anish Modi and Jesper Graa An-
dreasen for their endless patience and essential help, without your suggestions and
constructive criticism this thesis would not be as it is now.

I am grateful also to researcher Leonardo Pierobon who provided me some valu-
able help in the development of the part load modcl.

Finally, I would like to thank all my family for their endless support and en-

couragements during all these months, and my office mates, Krist6f and Marc: you
made all the long working hours much more enjoyable.

iii



iv

PREFACE



Contents

Abstract i
Preface iii
1 Introduction 5
1.1  Computational tools . . . . . . .. .. ... L o 5
1.2 Structure of the work . . . . . .. .. ..o 0oL 6

2 Thermodynamic Cycles Overview 7
2.1 Rankine Cycle . . . . .. .. .. 9
2.2 Organic Rankine Cycle . . . . . . .. ... ... . .. ... ... 9
2.2.1 Fluid selection . . . . .. .. ... .. oo 10

2.2.2 Purc working fluids . . . . . ... ... . o0 L. 14

2.3 Supercritical Cycles . . . . .. . ... 16
2.4 Cycles using zeotropic mixtures . . . . . . . .. .. oL 17

3 Power Cycle Analysis 19
3.1 Design Model description . . . . . .. ... o Lo 19
3.2 Model adjustment . . .. ..o 22
3.3 Genetic Algorithm . . . . ... ... oL 24
3.4 Low temperature heat source . . . . ... ... ... ... ...... 25
3.4.1 Low temperature fluids . . . ... ... ... ... ...... 25

3.42 Purefluidsresults . . .. .. ... ... ... 0. 26

3.4.3 Mixtures results . . . .. ..o oo oL 29

3.5 Moderate temperature heat source . . .. ... ... ... ... .. 33
3.5.1 Moderate temperature fluids . . . .. ... ... . ... ... 33

3.5.2 Purcfluidsresults . ... ... .. ... ... ... ..., 34

3.5.3 Mixtures results . . . . . ... ... oL 39

3.6 Discussion . . . . . ... e 41

4 Concentrated solar power technology 45
4.1 Technology overview . . . . . . . .. .. ... 45
4.1.1 Solar power towers . . . . . . .. ... 46

4.1.2 Parabolic dish systems . . . . . .. ... ... ... ..., 47

4.1.3 Parabolic trough collectors . . . . ... ... ... ... 47

4.1.4 Linear Fresnel reflectors . . . . . . ... ... ... L. 48

4.2 Calculation of collected solar energy . . . . .. ... .. ... .... 49



vi

CONTENTS

4.3 Solar ficld model . . . . ... ... ... 52
4.4 Solar model validation . . . . .. . ... ... ... ... ... .. .. 57
4.5 Solar field regression model . . . . ... ..o 58
Overall System Analysis 61
5.1 Pure fluidsresults . . . .. . .. . . ... ... 64
5.2 Mixturesresults. . . . . . ... 69
5.3 Pure Cyclohexane and Cyclohexane/Cyclopentane comparison . . . 72
5.3.1 Economical considerations . . . . . .. ... ... ... .. 72
5.3.2  Sensitivity Analysis . . . .. ... Lo 74

5.4 Discussion . . . . . .. Lo e 76
Annual Analysis 79
6.1 Part Load model . . . ... ... ... ... ... . ... .. ..., 79
6.1.1 Heat Exchangers . . . .. .. ... ... ... .. 80
6.1.2 Turbine . . . . . . . . .. ... 80
6.1.3 Pump . . . .. ... 81
6.1.4 Electric generator . . . . . . . . ... .. oo 81
6.1.5 Condenser . . . . . . . . . . ... . e 81
6.1.6 Solar Field . . .. .. ... ... .. 81

6.2 Control Strategies . . . . . . . . ... 82
6.3 Part Loadresults . . . . . .. .. ... .. L oL 82
6.3.1 Influence of Ambient temperature . . . ... ... ... ... 85
6.3.2 Influence of Wind speed . . . . . . . . ... ... ... .. .. 85
6.3.3 Minimum acceptable load . . . . . .. ... ... 000 89

6.4 Regression model . . . . . . . ... 89
6.5 Annual Simulation . . . ... ... ... .. 90
6.5.1 Influence of Design DNT . . . . .. .. ... ... ....... 95

6.6 Discussion . . . . . . ..ol o e e e 96
Conclusions 99

7.1 Recommendations for further work . . . . . . . . . .. ... .. ... 101



Nomenclature

Abbreviations

DNI Direct normal irradiation
GW P Global warming potential
HCE Heat collector element
HFOs Hydrofluoroolefins

IAM Incident angle modifier
ODP Ozone depleting potential
ORC Organic Rankine cycle
TIT Turbine inlet temperature
Symbols

« Absorptance

A Difference

0 Decclination angle

m Mass flow rate

q Specific heat flux
Efficiency

10) Latitude

p Reflectance /density
Transmittance

0 Incidence angle

6, Zenit angle

Ap Collector aperture area

Cp Specific heat



in

2

D Diamcter

f Friction factor

G Specific mass flow rate
h Specific enthalpy

Li,e Longitude of the location
Ly Standard meridian for the local timezone
n Day of the year

P Pressure

Q Heat

Re Reynolds number

S Surface

T Temperature

\% Speed

w Power

T quality

Subscripts

abs  Absorber

amb  Ambient

ap Approach point

c Critical /cold

cond Condenser

des  Design

el Electrical

evap Evaporator

gen  Generator

gl Glazing

h Hot

htf  Heat transfer fluid

Inlet

CONTENTS



CONTENTS

X Isentropic

ml Mean logarithm
opt Optical

out  Outlet

D Pump

P Pinch point

rec  Recuperator
spec  Specific

t Turbine

wf  Working fluid



CONTENTS



Chapter 1

Introduction

Organic Rankine cycles have already been proved to be suitable candidates for the
exploitation of low and moderate temperature heat sources. A more recent field
of interest is the analysis of zeotropic mixtures as possible working fluids for these
power cycles. As alrcady shown by several studies the introduction of binary work-
ing fluids leads to performance improvement thanks to a better matching between
the power cycle and the hot and cold sources. However very few analysis have
taken into account an overall solar-driven organic Rankine cycle using multicompo-
nent working fluids.

The purpose of this thesis is therefore to investigate the use of zeotropic mix-
tures both in low (150°C) and moderate (310°C') temperature solar power plants.
The first objective is to evaluate whether the use of mixtures leads to better cycle
efficiencies compared to the use of pure fluids and to find out in which temperature
range their use is more promising. Once defined this temperature level the thesis
will investigate off-design performance of a system composed of a solar field and a
power cycle in order to assess the performance differences between pure fluids and
zeotropic mixtures on annual basis.

Many studies have been carried out in this field (especially concerning low tem-
perature power cycles) but most of them focus only on design condition performance
of the power cycle. Through this thesis it will be possible to understand how the use
of mixtures relates with off-design condition and in particular with a heat source
that is highly variable (the sun).

1.1 Computational tools

Most of the work of this thesis has been carried out using the Matlab environment.
The organic Rankine cycle design model was provided by Jesper Graa Andreasen,
while all the others models have been built as a part of the project. All the opti-
mizations have been carried out using the genetic algorithm available in the Matlab
optimization toolbox and the fluid thermodynamic properties have been calculated
using Refprop 9.1. The heat transfer model for the solar field has been developed
in EES and was then implemented in the Matlab code as a regression curve.
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1.2 Structure of the work
This overall thesis is structured as follows:

e Chapter 2 describes the state of art of the organic Rankine cycle and in par-
ticular enlightens the most desirable properties of the working fluids;

e In Chapter 3 a primary screening is performed in order to find out in which
temperature level the use of zeotropic mixtures seems more profitable. The
considered temperature levels for the heat source are 150 and 310°C};

e Chapter 4 gives a general overview on the Concentrated solar power technolo-
gies and describes the heat transfer model for the parabolic trough system;

e In Chapter 5 an overall solar system is optimized and analysed in order to
understand the advantages and the drawbacks deriving from the use of binary
working fluids;

e In Chapter 6 the part load model is introduced and the results of the annual
simulation are commented;

e Chapter 7 summarises the obtained results and gives some advices on how to
further develop this analysis.



Chapter 2

Thermodynamic Cycles
Overview

The efficient conversion of heat into power is one of the greatest challenge of modern
engineering. As stated by the second law of thermodynamics it is not possible to
perform a complete conversion of heat into power, nor to to obtain mechanical work
by cooling any portion of matter below the temperature of the coldest of the sur-
rounding objects. Since the conversion of heat into power is always characterised by
some losses, the aim of modern power plants is to reduce them as much as possible
in order to increase the net power production or to minimize the heat required to
produce a defined amount of power.

The upper limit for the efficiency of a process that converts a certain amount of
thermal energy into mechanical work is given by the Carnot cycle (Figure 2.1) and
it is equal to:

n= =1- (2.1)

Figure 2.1: The Carnot cycle

=~J
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The Carnot cycle is a theoretical thermodynamic reversible cycle working be-
tween two isothermal heat sources but it is not technically feasible.

During the past many thermodynamic cycle configurations have been proposed
as ways to effectively convert heat into power, but only a few of them showed inter-
esting performance. In the field of power production the most widely used cycle is
the so-called Steam Rankine cycle (Figure 2.2) which is ideally composed by two
isothermal and two adiabatic processes.

The Bryton-Joule cycle is the key technology behind gas turbines and even
though its efficiency is lower, it is characterised by great compactness and lower
installation costs [1]. Since gas turbine exhaust gases are still characterised by high
temperatures (550-600 °C) it is possible to use them as the heating source in a
bottoming cycle (usually a Rankine cycle) in order to obtain combined cycles with
efficiencies up to 60%.

In the automotive field the common choices are internal combustion engines
based upon the Diesel or Otto cycles. Internal combustion engines are widely used
also in the field of power production, but the energy source has to be available as a
fuel and so they are not suitable for solar applications. External combustion engines
based on the Stirling cycle have also been investigated but they are not a mature
technology yet.

Many other configurations are under development (Kalina cycle, Gas injected
steam turbine, Integrated gasification combined cycle) and all of them aim to reach
higher conversion efficiencies. The development of high efficiency cycles has to be
pursued in order to achieve both environmental advantages and economical gains.
When talking about fossil fuels or bio-fuels based power plants higher efficiencies
allow to produce the same amount of net power output while decreasing the amount
of pollution released to the environment and the costs for the fuel. In the case of
solar and waste heat recovery applications greater efficiencies enable to decrease the
land surface required by the solar field or to produce more energy from the given
heat source and thus lead to economical benefits.

In the field of solar energy different kind of power plants have been proposed.
Central receivers can be coupled either with a Kalina cycle or a Rankine cycle [2].
The use of micro gas turbines and Stirling engines have been investigated for the
parabolic dish technology [3]. In the case of line focusing devices the most common
technologies are the Rankine cycle and the Organic Rankine cycle. In more recent
years the hybridisation of solar energy with fossil fuels based power plants has been
an interesting field of research: the hybridisation process ensures higher conversion
efficiencies and a more constant power production. Both solar aided coal-fired [4]
and solar gas-turbine [5] power plants have been proposed.

This thesis will investigate the use of solar energy for low and moderate tem-
perature applications and so only Rankine and Organic Rankine cycles will be con-
sidered.
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2.1 Rankine Cycle

The Rankine cycle is based on the concepts of the Carnot cycle, but some adjustment
are made in order to make it technically feasible. In its most simple configuration
it is composed by two isobaric and two adiabatic transformations (see Figure 2.2):
this means that the absorption of the heat is no longer performed at constant
temperature and so the efficiency will be lower.

Vapaorirer
e
(2 S
=
W, W, g
ke
Condenser
Q; Entropy

Figure 2.2: The Rankine cycle

The ideal cycle efficiency for a Rankine cycle can be written as:

QM +Q T
=—=1-= 2.2
Tlth O+ Tos (2.2)
Where:
3

_ 5 1d
Ty — 42 L5 (2.3)

53 — S

From equation 2.3 it is clear that in order to improve the overall performance
of this thermodynamic cycle it is necessary to increase the temperature level at
which the heat is absorbed. This is usually achieved by adding new components
to the basic structure: super-heaters allow to increase the maximum temperature
level of the working fluids, re-heaters to incrcasce the amount of heat absorbed at
high temperature, and regenerative heat exchangers to increase the temperature of
the working fluid at the boiler inlet. Nowadays performances are limited by tech-
nological issues (maximum allowable temperatures and pressures) and economical
evaluations (a complicated and thus expensive configuration is not always the best
choice, especially when dealing with small-size power plants).

2.2 Organic Rankine Cycle

The conventional Steam Rankine cycle is widely used for traditional power plants
but its effectiveness decreases as the temperature of the heat source drops below
370°C [6]. Even though the use of steam as a working fluid is related to several
advantages [7]:
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It has very good thermal /chemical stability (no risk of decomposition);

e It has very low viscosity (low pumping work is required);

It is good energy carrier (high latent and specific heat);

It is non-toxic, non-flammable and it is not a threat to the environment (zero

ODP, zero GWP);

e It is cheap and abundant;

Many problems related to the properties of the working fluid itself appear for
low and moderate temperature applications [8]:

e [t is necessary to super heat the fluid in order to prevent condensation during
expansion;

e The risk of erosion of turbine blades might appear;
e The pressure of the evaporator can be excessive;

e The required turbines can be complex and expensive;

A possible solution to avoid those problems is the introduction of the organic
Rankine cycle, which is characterised by the same structure of the Rankine cycle,
but uses a different working fluid: usually an organic compound characterised by
higher molecular mass and lower ebullition/critical temperature than water.

Since the size of this kind of plants is generally small, their configuration is
usually kept as simple as possible. The only mandatory components are: a heat
exchanger, a turbine, a condenser and a pump. The heat exchanger usually has
the role of economiser and evaporator (a super-heating zone is sometimes present),
the turbine is often single stage in order to reduce the investment cost and the re-
cuperator is introduced only when it leads to significant performance improvements.

Some of the most important advantages of using an organic compound as the
working fluid are the following [7]: the evaporation takes place at a lower pressure
and requires less heat, when using dry or isentropic fluids the expansion ends in the
vapour region and therefore there is no need of superheating nor the risk of blade
erosion. Moreover, since the pressure ratio is smaller single stage turbine can be
used.

2.2.1 Fluid selection

The choice of a proper working fluid is an essential step in the development of an
efficient and cost-effective ORC. The selected organic compound has a huge impact
on some of the most important characteristics of the power plant: efficiency, size
of the various components, design of the expander machine, system stability, safety
and environmental concerns (9.
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Figure 2.3: Configuration of an ORC (a) without recuperator (b) with
recuperator [10]

Given the importance of the working fluid selection, a very wide literature is
available on the subject. The choice of an appropriate organic compound is affected
by many factors: the characteristics of the available heat source, the size of the
plant, the current legislation, and thercfore cvery new plant has to be analysed on
its own. It is anyway possible to draw some conclusions about desirable properties
of the organic fluids [9]:

Working fluids’ category

One of the most crucial characteristics of the working fluids is the slope of their
saturation curve. From this point of view the different fluids can be divided into
three categories: dry, wet and isentropic (Figure 2.4). Wet fluids (like water) are
characterised by a negative slope of the saturation curve in the T-s diagram and
therefore they need to enter in the expander in a super-heated state in order not
to have too low values of vapour quality at the turbine outlet. Isentropic fluids are
dcfined by a ncarly infinite slope of the saturation curve and thercfore plants using
them as working fluids don’t require the presence of the super-heating section. The
slope of the saturation curve is instead positive for dry fluids: in this case the fluid
might still be highly super-heated at the turbine outlet and as a consequence it
might be necessary to add a recuperator in order not to waste too much valuable
heat. The addition of the recuperator increases not only the cycle efficiency, but
also the investment costs and therefore some authors believe that isentropic fluids
are the most suitable for low temperature waste-heat recovery systems [11].
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Vaporisation latent heat

When the working fluid is characterised by an high value of the vaporisation latent
heat most of the heat energy is absorbed during the vaporisation process ad therefore
is it not necessary to regulate superheating and expansion with rigenerative feed
heating in order to achieve higher values of efficiency [12]. On the other side fluids
with low vaporisation latent heat seem to be more suitable for waste heat recovery
systems: in this case the heat source is characterised by a variable temperature and
so the heat extraction in the evaporator leads to great irreversibility. If instead
the heat is absorbed mainly in the preheating and superheating process a better
coupling between the source and the working fluid can be achieved [13] (Figure 2.5).

Density

Fluids’ density greatly affects the costs of the system: low density leads to higher
volume flow rates and as a consequence to an increase of both heat exchanger losses
and turbine size [14, 18|.

Specific Heat

Fluids with low values of liquid specific heat should be preferable since they require
less pumping work and this indirectly increases the net power output [14]. Anyway
the calculation results from Borsukiewicz-Godzur [15] show that there is not a direct
relationship between this two factors.

Vapour density

A proper value of the vapour density is a primary factor for the fluid selection.
Having a high value for this parameter is particularly important for fluids that
have a low condensing pressure: a higher value of the vapour density leads to lower
volume flow rate and thus both to a decrement of the pressure losses in the heat
exchangers and to a smaller size of the expander [14, 16, 18].

Critical Temperature

The critical temperature of a working fluid is defined as the temperature of the
peak point of its saturation curve in the T-s diagram and plays a primary role in
the definition of the temperature range in which the fluid can be used effectively.
High values of the critical temperature usually lead to higher cycle efficiencies, but
also to lower condensing pressure which are not always desirable [17]. Moreover,
high critical temperature also leads to operating conditions characterised by lower
specific density and thus to oversized components [18]. On the other hand a high
condensing pressure often leads to a poor thermodynamic configuration.

Boiling temperature

Mago et al. [19] analysed the influence of boiling point temperature of different
working fluids (R113, R123, R245ca and isobutane) on the thermal efficiency of the
power cycle and found out that the best efficiency is achieved by the fluid with the
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highest boiling point. Anyway their analysis is restricted to a limited number of
fluids and therefore the results are questionable. From further analysis it emerges
that the highest thermal efficiency can be obtained with the fluid characterised by
the highest boiling point among the same family [20], but that this is not true when
dealing with fluids of different families [21].

Freezing point

In order to avoind freezing issues the freezing point of the fluid has to be lower than
the lowest operating temperature of the power cycle.

Mbolecular weight

Turbines for heavy fluids usually have low peripheral speed, a small number of stages
and higher efficiencies. On the other hand higher heat exchangers area is required
by fluids with high critical pressure and molecular weight [22].

Viscosity

The viscosity of the fluid both in the liquid and in the vapour phase is directly
related to the friction losses in heat exchangers and pipes. Fluids with low values
of viscosity are preferable.

Conductivity

Fluid conductivity positively affects the heating exchange cocfficients. Fluid with
higher conductivity will assure good heat exchange properties and thus decrease the
size ad the costs of the heat exchangers.

Environmental, Safety and Stability properties

Environmental, safety and stability issues can not be neglected when designing an
organic Rakine cycle. One of the main concerns regarding the use of organic fluid is
that some of them are ozone-depleting or green house effect substances. According
to the Montrcal Protocol, which regulates the use of ODP substances, some fluids
have already been phased out (R11, R12, R113, R114, R115), while others (R21,
R22, R123, R124, R141b, R142b) will be phased out in 2020 or 2030. Some restric-
tion concerning the use of green house effect fluids have also been encouraged with
the Kyoto Protocol.

Other desirable properties of working fluids are: non-toxicity, non-flammability,
non-corrosiveness and thermal stability (especially for moderate temperature heat
sources).

2.2.2 Pure working fluids

As it is clear from the previous section, it is not possible to define the perfect
working fluid for organic Rankine applications. A screening of the performances of
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the various fluids has to be carried out for cvery different case. From a structural
point of view the different candidates can be divided into the following groups:

1.

Hydrocarbons (linear, branched and aromatic): they have desirable ther-
modynamic properties but lammability issues;

. Perfluorocarbons: stable and incrt, but thermodynamically undesirablc;

. Siloxanes: they have low toxicity and flammability level, high molecular mass

and can be used as a high temperature heat carrier. They are often available
as mixtures and therefore isobaric evaporation doesn’t occur at constant tem-
perature;

. Ethers and Fluorinated Ethers: thcy arc usually not considered duc to

flammability issues and poor thermodynamic properties;

. Partially flouro-substituted straight chain hydrocarbons: some of

them are zero ODP fluids and thus of potential interest;

. Alcohols: not really attractive since they are soluble in water, have poor

thermodynamic propertics and flammability issucs;

Inorganic: they are inexpensive and have small environmental impact, but
their use is connected to some operational problems.
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2.3 Supercritical Cycles

The use of organic Rankine cycles for the exploitation of low and moderate temper-
ature heat sources leads to efficiency improvements compared to the steam Rankine
cycle but still there are some limitations related to the fact that the isothermal boil-
ing process creates a bad thermal match between the heat source and the working
fluid. The temperature difference through which the heat exchange process occurs
in the evaporator tends to increase and thus leads to large irreversabilities [23].

The use of mixtures or supercritical cycles can reduce this problem and therefore
lead to overall better performances (Figure 2.8).

\
\
A
\
L{*C)

AH (MW) AH (MW)

(a) organic Rankine cycle (b) supercritical Rankine cycle

Figure 2.6: Representation of the heat transfer process between the low
temperature heat source and the working fluid in the main heat exchanger
[14]

The main difference between the traditional rankine cycle and the supercriti-
cal configuration lies in the heat exchangers: while in the traditional plants the
working fluid is first pre-heated, then cvaporated and finally super-heated, in the
supercritical power plants the working fluid is pumped directly to a supercritical
pressure and therefore the heating process does not pass through the two-phase
region. Even though supercritical cycles may lead to better performances they usu-
ally require higher working pressures and therefore difficulties in the plant operation
and safety concerns might appear [14].
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2.4 Cycles using zeotropic mixtures

The use of zeotropic mixtures of as working fluids for organic Rankine cycles is a new
concept under investigation that might allow to take advantage of a non isothermal
boiling process (like in the supercritical cycles) and at the same time avoid the
problems related to high operating pressures. In this case the non-isothermal phase
shift comes from the unequal concentration of the liquid and vapour phase during
the evaporation process [24]: this lead to a temperature glide that is function of the
mixture composition (Figure 2.7).

e R-1432/R-124 w=Qm=R-143a/R-C318

Glide temperature (K}

o 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
Mole fraction R-143a

Figure 2.7: Temperature glide as a function of mixture composition

The unequal concentration of vapour and liquid phase occurs even in the con-
densing process and thus even additional gains could be achieved due to a better
coupling between the cooling medium and the working fluid in the condenser [23]
(Figure 2.8). Furthermore zeotropic mixture can be used also in a supercritical
configuration, according to Chen et al. [23] this leads to a much lower exergy dis-
truction both in the condenser and in the boiler and thus to higher efficiencies.
Many studies have been carried out considering a geothermal heat source. Herberle
et al [29] showed that the second law efficiency of the best mixture of isobutane
and isopentane is 8% higher than the one for pure isobutane. Andreasen et al [26]
proposed a generic methodology for organic Rankine cycle optimization: the result
indicated that the introduction of binary working fluids can lead to higher power
productions and to lower pressure levels. Moreover the results of an experimental
study of a low-temperature solar Rankine cycle system conducted by Wang et al [27]
showed that zeotropic mixtures have the potential to increase the overall efficiency.

50
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40 45
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Figure 2.8: Representation of the condensing process using different
zeotropic mixtures: (a) ethane/propane (b) ethane/heptane [25]
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Chapter 3

Power Cycle Analysis

The purpose of this thesis is to investigate the use of zeotropic mixtures in solar
applications and therefore a primary objective is to understand whether the use of
these substances leads to better performance in design conditions.

As a first analysis the power cycle performance has been investigated with the
aim of maximizing the net power production: the only fixed parameters are the
hecat source inlet temperaturc and mass flow rate. No limit has been set for the
heat source outlet temperature and therefore the results will show if the use of mix-
tures allows to better exploit a heat source of a given temperature.

Two different temperature levels have been considered: a low grade (150°C) and
a moderate grade (310 °C) heat source. Many studies have already been carried
out for low temperature heat sources [23, 25, 27, 28, 29, 30, 31, 32|, while very
little literature is available for higher temperatures [28, 35, 36]. As the level of the
heat source increases problems related to working fluid thermal stability appear and
therefore a heat source temperature of 310 °C was chosen in order to guarantee the
stability of all the selected fluids.

The available studies focus mainly on geothermal sources and thus only design
conditions are considered. The aim of this work instead is to analyse the per-
formance of a solar-tailored power plant and so, once defined the most promising
thermal level and suitable mixture, an off-design simulation will be performed in
order to evaluate the effectiveness of zeotropic mixtures with respect to an highly
variable heat source like the sun.

3.1 Design Model description

The design model, except for the presence of the recuperator, is the same used in
[25] and was provided by J.G. Andreasen. All the thermodynamic properties are
calculated using Refprop 9.1 database. Heat losses from the system to the environ-
ment and pressure losses (both in the heat exchangers and in the pipelines) have
been neglected. Additional assumption are: steady state condition and homoge-
neous flow in therms of thermodynamic properties. As shown in Figure 3.1 the only
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considered components arc the following:
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Figure 3.1: Power cycle sketch [26]

Boiler

In the boiler the heating of the working fluid is performed. During the optimisation
process both sub-critical and supercritical configurations are investigated. In sub-
critical conditions the boiler is divided into three separate zones: a pre-heating
zone, an evaporation zone and a super-heating zone (optional), while in supercritical
conditions a single heat exchanger performs the overall heat release from the heat
carrier to the working fluid. Since energy losses to the environment are neglected,
the energy balance of the boiler is calculated as follows:

mhtf(hu, —he) = mwf(h5 — h3) (3.1)

The performance parameters considered are the pinch point temperature differ-
ence (AT,,) and the approach point temperature difference (AT,,). The former
defines the minimum temperature difference allowed in the process and is estimated
upon thermodynamic and economical considerations: a lower value of this parame-
ter increases the system performance by decreasing the irreversibility connected to
the heat exchange process but at the same time increases the surface area required
to perform the heat transfer and thus leads to higher costs. The latter is defined
as the temperature difference between the heat source and the fluid temperature at
the outlet of the boiler:
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AT,, =T, —Ts (3.2)

The ATy, fixes the maximum allowed temperature of the working fluid and its
value is usually higher than the AT}, [1] in the super-heating process the heating
curves of the heat source and of the working fluid have a similar slope and therefore a
lower values of the AT, results in a greater area of the heat exchanger characterised
by lower values of the temperature difference and so to a higher increment of the
investment costs.

Turbine

The turbine is the key element where the gross power output is produced. The
pressure ratio of the turbine is defined by the cycle high pressure and the condensing
pressure. If the expansion occurs in the two-phase region the expander efficiency
decreases and the risk of blade erosion appears: as a consequence a minimum value
of 0.86 for the vapour outlet quality is usually required for steam power plants.
In this work, in order to consider a constant value for turbine efficiency, only dry
expansion is considered (zg > 1). The irreversibilities of the expansion process are
taken into account by means of an isentropic efficiency coefficient defined as:

hs — hg

hs — he.is (3:3)

Thist =

The turbine power output is therefore calculated with the following equation:
W, = mwf (h5 - hﬁ,is) Mis,t (34)

Recuperator

Certain configurations are characterised by highly super-heated vapour at the tur-
bine outlet and so it is preferable to introduce this element in order to increase the
temperature level of the working fluid at the inlet of the boiler and at the same
time decrease the heating flow that has to be dissipated in the condenser. The
recuperator in included only for those plant configurations that fulfil the following
condition:

ATyee = Tg — Ty > ATy rec (3.5)

The energy balance of the recuperator is:

hs — ha = he — hy (3.6)

A pinch point temperature is defined also for the recuperator (AT}, ,c.) and
the possibility to recover heat in the two-phase region is included (if the selected
working fluid is a zeotropic mixture it is sometimes possible to recover some heat
even from the first stages of the condenser).
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Condenser

The model includes a water condenser: the vapour quality at the condenser out-
let is fixed and equal to 0. The only fixed parameters in this component are the
cooling water inlet temperature, the cooling water temperature difference (AT¢ynq)
and the pinch point temperature difference (AT}, conq). The condensing pressure is
therefore free to vary and function of the fluid/mixture properties. For certain plant
configurations the calculated condensing pressure is not in the feasibility range and
therefore the possibility to define the condensing pressure have been included (see
3.2).

The energy balance of the condenser can be written as follows:

mwf(h'? - hl) = mwavter(hout - hzn) (37)

Pump

The final element of the cycle is a pump that has the function to pump the fluid
back to the high pressure after the condenser. As the pressure losses are neglected
the pump operates with same pressure ratio of the turbine. An isentropic efficiency
coefficient is defined even for this component:

_ha = has
Nisp = Iy — hy (3.8)
The power absorbed by the pump is thus calculated in the following way:
W), = tiy (ha — 1) (3.9)

The output value of the model is the net electrical output, which is equal to:

Wer = Wi nigen — W (3.10)

3.2 Model adjustment

In order to better suit the power cycle to solar applications and to increase the range
of the output parameters to be analysed in the discussion section, some adjustment
have been made. The more important are:

Heat transfer fluid

For the moderate temperature case the heat carrier, initially pressurised water, has
been changed to Therminol VP-1, a thermal oil widely used for solar applications,
whose property data is available in the producer website. The use of this heat carrier
makes the plant easier to operate and allows to decrease the pressure of the solar
system. As the price of the thermal oil has a big impact on the plant investment
costs, water is still considered as the heat carrier in the low temperature case.
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New boiler model

23

The thermal oil heat capacity is strongly dependent on the temperature (see figure
3.2) and therefore the provided boiler model, which was based on the assumption of
a linear profile of the heat source temperature, showed low accuracy in estimation of
the pinch point location. In order to avoid undesired inaccuracies in the calculations
a new boiler model was built. In the new model the energy balance between the
hot and the cold fluid is performed for every discretization step and this ensures a
greater accuracy in the results (see Table 3.1).

4000
2 3500 |
‘:‘IJ
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Figure 3.2: heat capacity dependence on temperature
Table 3.1: Pinch point calculation with different boiler models
ATpp [°C]
Target Old model New model
optimized cyclohexane 8 5.799 7.998
optimised md3m 8 6.795 8
optimised mxylene 8 8.005 8.005

Electrical efficiency

In order to compare the performance of the different working fluids the calculation
of the electrical efficiency has been introduced. The electrical efficiency of the power
cycle has been defined as follows:

_Wa _ Wei
el Qm mht,f (h(z - h(’)

(3.11)
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Condensing pressure

Since the condensing pressure was a free parameter, only related to the cooling
water inlet temperature and to the condenser pinch point, the resulting values were
sometimes outside the feasibility range (0.03 - 0.05 bar [38]). In order to investigate
the performance of feasible power plants a fixed value of the condensing pressure
was introduced for those fluids whose condensing pressure was not acceptable. In
these cases the cooling water inlet temperature is calculated in order to suit the
pinch point and temperature increment requirements.

3.3 Genetic Algorithm

The described Organic Rankine cycle design model is used in order to investigate
the effectiveness of the different pure fluids and mixtures. The parameters that are
left free to vary during the optimization process are the mixture composition, the
cycle maximum pressure and the turbine inlet temperature.

The other cycle performance parameters (i.c. pinch point temperatures, isen-
tropic efficiencies, cooling water inlet temperature and temperature increase) are
instead kept constant.

Most of the optimizations in this thesis have been performed with a genetic
algorithm. This optimization technique is based on the principle of natural sclec-
tion: given a starting generation every individual is evaluated by mean of a fitness
function (or objective function) and then a new generation of individuals is created.
The analogy with the evolutionary process lies in the fact that every new generation
is created by mating elements of the previous one, and that the best individuals of
every generation are the ones with the biggest chances to transmit their genes (set
of guess values) to the following one.

The genetic algorithm is particularly suited to optimize a thermodynamic prob-
lem where local minima and discontinuities are most likely to occur. In fact, thanks
to the processes of crossover (creation of a new individual mixing the character-
istics of two previous individuals) and mutation (creation of a new individual by
introducing a random variation to a single individual of the previous generation)
the algorithm is usually able to escape from local minima and to find the overall
best solution.

In this primary analysis the selected objective function is the power plant elec-
tricity production: the aim is therefore to understand whether the use of binary
working fluids leads to a better exploitation of a low or moderate temperature heat
source.

Another approach might be to consider the electrical efficiency as the optimisa-
tion parameter, but this leads to solutions where the exploitation of the heat source
is really poor (the efficiency of the power cycle takes into account the heat that is
absorbed by the power cycle, not the heat that is theoretically available).
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The optimised configurations resulting from this analysis won’t probably have
the same characteristics of a power plant optimised considering a complete solar
power system composed by the solar field and the power cycle, but still the results
will allow to draw a comparison between the different working fluids and to esti-
mate in which temperature level the use of mixture leads to better performance
increments.

3.4 Low temperature heat source

As the first study case of this analysis a 150°C heat source is considered. The
pressurized water mass flow rate is kept constant and equal to 10 kg/s. All the
other assumptions considered are listed in table 3.2 and are based on similar studies
found in literature.

Table 3.2: Low temperature assumptions

Property Value Unit
Pressurized water flow rate 10 kg/s
Pressurized water inlet temperature 150 °C
Cooling water inlet temperature 20 eC
ATy, 10 °C
ATy evap 8 °C
ATy, rec 8 °C
ATcooliny—wuyte'r D °C
A,I’pg/),cond 8 °C
Nis,p 0,70

Nis t 0770

3.4.1 Low temperature fluids

As there is a wide literature regarding the use of mixtures in low temperature
applications this study will focus only on mixtures whose efficiency has already been
proved [23, 25, 27, 28, 29, 30, 31, 32]. The pure fluids considered and their properties
are shown in table 3.3. It has been decided not to include Hydro-fluorocarbons
(HFCs) in this analysis: these fluids haven’t been banished from the Montreal
protocol but their phase out have already been proposed [34].0n the other hand
4th generation refrigerants like R1234ze and R1234yf have been included in the
list of possible candidates: these fluids belong to the category of Hydrofluoroolefins
(HFOs) and are characterised by lower global warming potential than HFCs.
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Table 3.3: Low temperature pure fluids

Fluid Category Te P, ObP GWP Source
°C]  [bar]

n-butane natural ref. 151,97 37,96 0,12 725 [40, 41]
Cyclohexane  Cyclo alkanes 280 40,7  n.a n.a. 9, 41]
Cyclopentane Cyclo alkanes 23855 45,1 0 <25 [45]
n-hexane Alkanes 236 30,6 0 0 [9, 43, 54]
iso-hexane Cyclo alkanes 225 30,4 n.a. n.a. 9]
iso-pentane Alkanes 187 33,7 0 0 9, 44]
iso-butane Hydrocarbons 135 36,4 0 20 9]
n-Pentane Alkanes 196,5 33,6 0 20 [44]
R1234yf HFO 94,7 33,82 0 4 [55]
R1234ze HFO 109,4 36,36 0 6 [55]

3.4.2 Pure fluids results

The optimization parameters considered in order to find out the best configuration
for each working fluid are the turbine inlet temperature and the cycle high pressure.
These variables are the input values defined by the genetic algorithm and are left
free to vary in the ranges enlightened in table 3.4. For the cycle maximum pressure
a maximum limit of 40 bar has been defined: according to L. Barbazza [33] this is
the maximum allowed pressure for brazed plate heat exchangers.

Table 3.4: Selected boundaries for the optimization process

Parameter Lower Bound Upper bound
Cycle high pressure 1 [bar] 40 [bar]
Turbine inlet temperature 60 [°C] 140 [°C]

As it is possible to understand from the computed results (see table 3.5) all the
most effective fluids are HFOs. The most promising hydrocarbon is iso-butane, but
its power production is almost 15 % lower than R1234ze (the most promising work-
ing fluid). All the calculated condensing pressures are within the feasibility range
and in particular all the most promising fluids have condensing pressures suitable
to the use of atmospheric condensers (P, > 1 bar) and thus it would be possible
to install a simple and not expensive condenser.

As depicted in Figures 3.3 and 3.4 (every point represents a different fluid in
its optimised configuration), primary factors in the definition of the effectiveness of
the different fluids are the turbine inlet temperature and the outlet temperature of
the pressurized water (1¢): a higher value of the working fluid maximum tempera-
ture results in lower irreversibility in the heating process, while a lower value of the



3.4. LOW TEMPERATURE HEAT SOURCE

27

heat source outlet temperature is a signal of a better exploitation of the heat source.

Table 3.5: Low temperature pure fluids results

Fluid High pressure  TIT P cond 1y T. W AW
[bar] °C [bar] [°C] [kW] [%]
R1234ze 37,36 112,83 6,31 8,74 51,06 365,20 0,00
R1234yf 40,00 113,39 8,40 8,02 51,42 354,68 -2,88
isobutane 18,60 96,49 4,37 9,45 72,06 311,86 -14,61
butane 12,96 91,78 3,08 9,39 74,59 299,92 -17,88
ipentane 5,79 90,06 1,20 9,69 7848 293,74 -19,57
ihexanc 2,61 93,32 0,39 10,38 84,50 288,51 -21,00
hexane 1,77 87,71 0,28 9,62 7941 287,97 -21,15
pentane 5,61 97,64 0,91 10,74 87,30 285,73 -21,76
cyclohexane 1,36 91,33 0,18 10,11 84,90 279,17 -23,56
cyclopentane 3,10 87,92 0,57 9,52 80,96 278,66 -23,70
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Figure 3.3: Influence of the heat source outlet temperature on the net

electrical output

Looking at the pressure levels it can be notice that the HFOs reach the best
performances with high values of cycle maximum pressure and that their optimised
configurations are supercritical. As explained in section 2.3 this configuration is
characterised by the absence of the isothermal phase shift zone and therefore en-
ables to increase the effectiveness of the heat exchange process (Figure 3.5). In
particular the configuration that considers R1234yf as working fluid reaches the
best electrical output with the maximum allowed pressure level and therefore it
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Figure 3.4: Influence of the turbine inlet temperature on the net electrical
output

might be possible to achieve even more performing configurations by increasing the
maximum allowed pressure.

The supercritical configuration is not possible for the other working fluids since
the maximum allowed cycle temperature (140°C') is lower than their critical tem-
peraturc. In these cases the optimisation process leads to a saturated cycle (sce
Figure 3.6): at the outlet of the boiler the working fluid is saturated vapour or
slightly superheated (the maximum super-heating occurs with cyclohexane and it
is around 0.55 °C'). The saturated configuration is characterised by two advan-
tages: firstly the cycle maximum pressure is lower and this enables to decrease
the investment costs (especially for the heat exchangers) and secondly the lack of
the super-heating allows to have a simpler boiler configuration. Nonetheless in
real power plants it is usually preferable to consider a super-heating of 5-10 °C' in
order to be sure not to have any droplet of fluid during the expansion in the turbine.

The results show no straight relationship between cycle efficiency and net power
output: this is rclated to the fact that the heat absorbed by the working fluid is
not a fixed parameter (the water exit temperature is function of cycle pressure,
maximum temperature and working fluid characteristics) and thus configurations
with lower efficiency but high utilisation factor may perform better than solutions
where the efficiency is high but the source is poorly exploited.
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Figure 3.5: Supercritical configuration: boiler temperature profile for the
R1234ze optimised configuration
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Figure 3.6: Saturated configuration: boiler temperature profile for the isobu-
tane optimised configuration

3.4.3 Mixtures results

As a second step in the analysis of the low temperature heat source the genetic al-
gorithm was run with 3 optimization parameters: maximum cycle pressure, turbine
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inlet temperature and mixturce composition. In order not to incrcasc to much the
computational time the various working fluids were fixed for every analysis. The
same values described in section 3.4.2 were considered as lower and upper bounds
for the maximum pressure and temperature, while the mixture composition was
analysed by mean of the mass fraction of the first component (z), that was left
free to vary from 0 to 1. The results of the optimization are depicted in table 3.6:
the electrical output increase was calculated with respect to the best pure fluid
among the two considered in the mixture.

Table 3.6: Low temperature mixtures results

Fluid 1 Fluid 2 High pressure  TIT T Wy %increase
[bar] [°C] (kW]
R1234yf R1234ze 38,08 112,27 0,17 366,77 0,43
isobutanc pentanc 15,42 94,87 0,89 320,87 2,89
ipentane isobutane 14,61 91,79 0,13 320,83 2,88
ihexane isobutane 16,65 96,83 0,06 320,37 2,73
cyclopentane isobutane 16,95 98,45 0,07 318,72 2,20
hexane isobutane 15,52 95,54 0,06 316,61 1,52
butane ipentane 11,31 95,41 0,74 314,31 4,80
butane pentane 10,76 90,41 0,86 312,90 4,33
butane cyclopentane 12,09 94,18 0,92 311,22 3,77
butane ihexane 11,99 97,91 0,88 310,72 3,60
butanc hexanc 12,28 96,99 0,94 309,94 3,34
ihexane pentane 3,31 88,80 0,51 308,69 6,99
butane cyclohexane 11,83 93,85 0,97 307,88 2.65
hexane pentane 5,40 95,01 0,14 306,93 6,58
ihexane ipentane 2,64 90,52 0,90 306,01 4,18
hexane ipentane 4,66 93,35 0,22 305,92 4,15
cyclohexane ipentane 5,37 94,01 0,08 305,49 4,00
cyclohexane pentane 3,94 93,84 0,17 304,24 6,48
cyclopentane ipentane 5,05 93,41 0,35 300,87 2.42
cyclohexanc ihcxanc 1,66 89,26 0,54 298,42 3,43
cyclohexane  cyclopentane 1,63 92,64 0,82 297,95 6,73
cyclopentane hexane 2.63 93,00 0,43 296,91 3,11
ipentane pentane 591 92,00 0,89 293,99 0,09
hexane ihexane 2,16 90,70 0,66 292,52 1,39
cyclopentane pentane 4,31 90,73 0,31 291,83 2,13
cyclopentane ihexane 2,66 89,55 0,29 291,87 1,16
cyclohexane hexane 1,79 91,563 0,25 288,22 0,09

From the results of the analysis it appears that the use of mixtures can lead
to an overall improvement of the plant performance. A net electrical output of
366.77 kW was achieved using a mixture 0.17/0.83 of R1234yf and R1234ze (0.43%
more than pure R1234ze, the best pure fluid in the previous analysis). Looking at
the results it appears that this performance increment is low if compared to other
mixtures: this is probably related to the fact that the HFOs were characterised by
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supcrcritical configurations with a good matching between the heat source and the
working fluid in the boiler and therefore the introduction of the second component
leads to a decrement of the irreversibility only in the condenser (see Figure 3.7 and

3.8).

140
9 120 9
£ 100 2
2 80 2
=60 f-
40 , ]
0 20 40 60 80 100 0 20 40 60 80 100
Heat transfer (%) Heat transfer (%)
(a) Optimised R1234ze configuration (b) Optimised R1234yf/R1234ze mix-
ture
Figure 3.7: Boiler temperatures profile for:  (a) R1234ze (b)
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Figure 3.8: Condenser temperatures profile for: (a) R1234ze (b)
R1234yf/R1234ze mixture

From the other results it clearly appears that for subcritical configurations the
performance improvement is much greater than the one achieved with the two HFOs.
In particular several mixtures using isobutane lead to electrical outputs above 320
kW (isobutane/pentane, isobutane/ipentane, isobutane/ihexane) which is about
12.5% lower than the maximum achieved electrical output. The best electrical
input improvements are reached with the following mixtures:

e a mixture of ihexane and pentane (0.51/0.49) enables to produce 6.99 % more
electricity than pure ihexane;

e a mixture of cyclohexane and cyclopentane (0.82/0.18) enables to produce
6.73 % more electricity than pure cyclohexane;
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e a mixturc of hexanc and pentanc (0.14/0.86) cnables to produce 6.58 % more
electricity than pure hexane;

The reasons behind the greater performance increment for these fluids can be
found in their cycle configuration and in the temperature glide: since the pure
fluid optimisation leads to a saturated cycle, the introduction of the non isothermal
evaporation results in two advantages (see Figure 3.9):

1. the evaporation at variable temperature enables to decrease the irreversibility

in the heat exchange process due to a better matching between the heat source
and the working fluid;

2. the turbine inlet temperature increases and thus the cycle is more efficient;

The temperature glide is relevant even in the condensing process and enable to
have lower pressures in the condenser (see Figure 3.10).
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Figure 3.9: Boiler temperatures profile for mixtures: (a) ihexane/pentane
(b) cyclohexane/cyclopentane
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3.5 Moderate temperature heat source

As a second study case of this analysis a 310°C' heat source is analysed. The fixed
parameters for the optimisation process are similar to the ones considered for the
previous case and are listed in Table 3.7.

Table 3.7: Moderate temperature assumptions

Property Value Unit
Thermal oil mass flow rate 10 kg/s
Thermal oil inlet temperature 310 °C

Cooling water inlet temperature 20 °C

AT,, 10 °C

ATy cvap 8 °C

ATy rec 8 °C

ATcoolz’ngf'water d °C

ATy cond 8 °C

Nis,pump 0770

Nis turbine 0770

3.5.1 Moderate temperature fluids

As the temperature level of the heat source increases it is important to investigate
whether the selected working fluid are chemically stable at cycle maximum temper-
ature. If most of the organic compound have no stability issues at 150°C', the same
cannot be taken for granted when the temperature reaches 300°C'. Since the aim
of this analysis is to evaluate the potential performance of feasible power plants,
thermal stability is one of the fundamental parameters that have to be considered
during the working fluid selection.

The considered candidates (see Table 3.8) belong to two different categories:

e Siloxanes: these compounds have desirable thermodynamic characteristics
like low toxicity and flammability, low foul formation over the heat trans-
fer surfaces, good material compatibility and good thermal stability [47].
The maximum allowed working temperature for linear Siloxanes (MM, MDM,
MD2M, MD3M) is about 300°C' [48, 49, 50]. Cyclic Siloxanes (like D4) are
more stable: Angelino and Invernizzi [51] suggested a thermal limit near to
400°C, ensuring 340°C' by means of an experimental test in presence of oxygen
and humidity;

e Hydrocarbons: they are commonly used in biomass power plants and are
characterised by desirable thermodynamic properties, but they can lead to
safety hazards due to their flammability issues [9]. The typical values for max-
imum cycle temperature for existing ORC biomass power plants are around
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300°C'" and thus the maximum process temperature for Toluence and Ethyl-
benzene could be set to 327°C' [52]. According to N.A. Lai et al. [45] a
maximum temperature of 300°C' an be considered for the remaining selected
hydrocarbons;

Although the temperature limit for some refrigerants makes them suitable for the
selected heat source level (according to [53] R227ea, R236fa and R23 can be stable
up to 400°C, while for R125 and R134a the temperature limit is about 368°C'), these
compounds have not been considered since they are characterised by low values of
the critical temperature and high GWP.

Table 3.8: Moderate temperature fluid list

Fluid Category T P, T auto ignition T stability
[°C]  [bar] °C] °C]
Cyclohexane  Hydrocarbons 280 407 245 300
Decane Hydrocarbons 321 22,7 210 300
Ethylbenzene Hydrocarbons — 344 36,1 432 327
m-Xylene Hydrocarbons 343,9 35,41 527 300
o-Xylene Hydrocarbons 603,18 31,72 463 300
p-Xylene Hydrocarbons 589,08 35,11 528 300
n-Pentane Hydrocarbons 196,7 33,6 260 n.a.
Toluene Hydrocarbons 319 41,3 480 327
MM Siloxanes 245 19,1 340 300
MDM Siloxanes 291 14,4 350 300
MD2M Siloxanes 326 12,2 n.a. 300
MD3M Siloxanes 354 9,3 403 300
D4 Siloxanes 312 13,1 400 340

3.5.2 Pure fluids results

As for the low temperature case the best configuration for every working fluid has
been calculated through an optimization process. In this case the maximum pres-
sure limit has been set to 50 bar, while the turbine inlet temperature has been left
free to vary between 150 and 300 °C . In order to avoid flammability issues, the
maximum allowed temperaturc have been decrcased respectively to 225, 190 and
240°C' for Cyclohexane, Decane and n-Pentane.

The results obtained through the optimisation process arc the shown in Table
3.9. First of all it appears that using a higher temperature heat source leads to a
consisten increment of the generated power: given the same mass flow rate for the
thermal carrier the net power output increases from about 300 kW to roughly 1
MW. This is mostly related to the higher thermal efficiency that can be reached
as the temperature level increases (the values of the thermal efficiency are almost
double the values of the previous case).
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As a sccond important consideration it appears that the higher temperature
level leads to a more complex analysis of the potential configurations. Many of
the output values are in fact characterised by values of the cycle parameters that
are not feasible, lead to highly expensive installation costs, or are related to safety
hazards:

1. The most performing fluid (Cyclohexane) has a turbine inlet temperature
that is only 35°C lower than its auto-ignition temperature and therefore a
very accurate control system would be required in order to avoid undesired
safety hazards during part load operation;

2. Looking at the condensing pressures it appears clearly that in most of the
cases the calculated values are below the feasibility limit (0.03-0.05 bar) and
therefore all these solutions have to be discarded;

3. Not even a solution considers an atmospheric condenser: the configuration
with n-Pentane has a relatively high condensing pressure, but the other fea-
sible configurations (the ones with Cyclohexane, MM and Toluene) would
require high investment costs for the condenser.

Table 3.9: Moderate temperature fluid results

Fluid High pressure TIT P cond 1y T, Wy AW

[bar] °Cl lbar] [ccl kW] %)
Cyclohexane 15,82 210,45 0,1835 0,22 108,35 938,18 0,00
Toluene 6,24 189.8%8 0,0564 021 9874 909,26 -3.08
Ethylbenzene 2,64 175,81  0,0198 0,20 90,07 900,64 -4.00
P-xylene 2,42 174,27 0,0183 020 89,82 89591 -4,50
M-xylene 2,71 185,84 10,0140 0,21 103,81 895,31 -4,57
Mxylene 2.60 178,11 0,0174 020 9552 894,11 -4.70
n-Pentane 50,00 936,41 0,9034 021 111,70 867,52 -7.53
Decane 1,35 185,77 0,0031 021 117,81 855,62 -8.80
MM 21,12 924557 0,0807 022 12553 84941 -9.46
D4 2,53 921522 0,0023 0,23 146,81 812,38 -13.41
MDM 3,47 207.02 0,0081 0,23 144,32 796,35 -15,12
MD3M 1,03 930,71 0,0001 0,26 168,37 794,96 -15.27
MD2M 1,61 214,25 0,0010 0,24 154,85 784,86 -16,34

In order to make a comparison between feasible configurations a fixed condens-
ing pressure level was set for the working fluids whose condensing pressure was
not acceptable. Since increasing the condensing pressure will lead to a significant
decrement of the power output two pressure levels have been chosen:

1. A sub-atmospheric level (P,,,q = 0.05 bar) that will investigate the perfor-
mance of feasible power plants;

2. An atmospheric pressure (FP.,,q = 1.05 bar) that will investigate the perfor-
mance of plants with less expensive condensers;
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In addition, as the condcnsing pressurc is strictly rclated to the cold source
temperature, the required water inlet temperature was recalculated for all the con-
figurations (with the assumption of Appeong = 8°C' and AT ooling—water = 9°C).

Condensing pressure = 0.05 bar

As a first case study the condensing pressure was set equal to 0.05 bar for all fluids
with not feasible condensing pressure. After the recalculation, the results obtained
are the following (Table 3.10):

Table 3.10: Moderate temperature fluid results with a minimum condensing
pressure of 0.05 bar

Fluid High pressure TIT P cond 1)y T. W Tvater,in
[bar] [°Cl  [bar] [Cl  [kV] °C]
MM 21,12 245.57 0,08 0,22 125,53 84941 25,00
MDM 5,18 228.38 0,05 0,20 173,91 578,67 50,99
MD2M 2,38 232.60 0,05 0,16 195,44 397,28 86,42
MD3M 1,94 260,37 0,05 0,14 230,26 258,06 116,45
D4 3,07 224.71 0,05 0,17 178,62 479,80 71,79
Cyclohexane 15,82 210.45 0,18 0,22 108,35 938,18 25,00
Toluene 6,24 189,88 0,06 0,21 98,74 909,26 25,00
Ethylbenzene 3,89 194,65 0,05 0,19 122,47 756,08 35,52
M-xylene 3,28 189,03 0,05 0,18 120,93 728,93 38,07
O-xylene 2,70 185,72 0,05 0,18 120,53 695,69 42,27
P-xylenc 2,62 177,87 0,05 0,17 107,92 730,85 37,16
n-Pentane 50,00 236.41 0,90 0,21 111,70 867,52 25,00
Dccanc 1,49 190,00 0,05 0,14 148,33 496,37 68,86

The greatest power output is still reached with cyclohexane (its configuration
has not changed), but a significant performance decrement can be seen for other
fluids. In particular for decane the estimated power outputs decreases by about
42% (from 855 kW to 496 kW). Siloxanes (except for MM) are also greatly affected
by the condensing pressure constrain (see Table 3.11). Even if the condensing
pressure is very low, the estimated cooling water inlet temperature for this category
of compounds ranges between 51°C' and 116°C and thus they seem more suitable
for cogenerative solutions rather than for conventional power plants.

Fluid ~ Wemae We (Poona = 0.05 bar) AW

(kW] (kW] (%]
MDM 796,35 578,67 27,34
MD2M 794,96 397,28 -50,02
MD3N 784,86 258,06 67,12
D4 812,38 479,80 -40,94

Table 3.11: Siloxanes performance drop with a minimum condensing pres-
sure of 0.05 bar
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Other compounds like Ethylbenzene, m-xylene, p-xylene and o-xylene show ac-
ceptable electrical outputs (about 10-15 % lower than the cyclohexane configuration)
and a fairly low condensing temperature.

Condensing pressure = 1.05 bar

As a second case study a condensing pressure of 1.05 bar was chosen in order to
analyse the performance of power plants with atmospheric condensers. The use of
this kind of technology for the condenser greatly simplifies the plant configurations
since there is no need to prevent air infiltration from the environment and thus
enables to have relevant reduction of invesment costs. The results of this second
case can be found in Table 3.12.

Table 3.12: Moderate temperature fluid results with a minimum condensing
pressure of 1.05 bar

Fluid High pressure TIT P cond g T, Wer Twaterin
[bar] [°C]  [bar] °Cl kW] [°C]
MM 22,23 253,86 1,05 0,14 171,07 428,48 86,07
MDN 18,27 291,00 1,05 0,11 221,54 221,23 138,94
MD2M 4,63 267,51 1,05 0,08 251,84 99,51 180,60
MD3M 1,97 261,10 1,05 0,03 255,26 39,63 216,38
D4 6,02 261,85 1,05 0,09 234,59 152,89 161,45
Cyclohexane 17,61 217,58 1,05 0,17 144,63 580,64 66,18
Toluene 11,08 223,06 1,05 0,14 177,67 390,39 96,09
Ethylbenzene 7,42 230,12 1,05 0,11 201,09 272,56 121,78
M-xylene 7,92 236,53 1,05 0,12 209,67 258,24 124,67
O-xylene 6,56 232,13 1,05 0,11 207,84 239,84 130,00
P-xylene 7,17 230,28 1,05 0,11 202,21 264,06 123,93
n-Pentane 49,23 235,66 1,05 0,20 114,68 831,86 21,49
Decane 1,49 190,00 1,05 0,02 185,85 53,26 160,00

The use of an atmospheric condensing pressure leads to great changes in the
results. First of all it appears a clear reduction of the maximum achievable power
output: the only working fluid that shows power outputs similar to the previous
cases is n-Pentane, while for all the other configurations the net electrical output is
lower than 600 kW. This performance drop is strictly related to the super imposed
condensing pressure: by decreasing the lower pressure of the cycle the pressure ra-
tio across the turbine decreases and this leads to lower power productions. As a
consequence the fluids that are penalised the most are those who had the lowest
condensing pressures in the first analysis (MD2M, MD3M and decanc), while the
less penalised is n-pentane that had a condensing pressure of 0.9 bar.

Secondly it is clear that in this case most of the hydrocarbons and the siloxanes
would be suitable for cogenerative applications: the inlet temperature of the cooling
water ranges from 66°C' for cyclohexane to 216°C for MD3M and therefore it would
be a waste not to recover the heat released in the condenser. For the cyclohexane
the use of an air condenser unit could be investigated, but it would be preferable
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to couple the plant with a process requiring low temperature heat (a drying system
for example).

Analysing the results as in section 3.4.2 it appears that, as for the low tempera-
ture case, there is a strong relationship between the thermal oil outlet temperature
and the net power output (Figure 3.11). However if for the low temperature case a
higher value for the turbine inlet temperature was associated with a higher power
output, this is not always true for the moderate temperature case; instead there
seems to be a connection between the cycle high pressure and the net power output
(since the condensing pressure is fixed the increment of the cycle maximum pressure
leads to an increment of the pressure ratio across the turbine and thus to higher
power outputs).
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Figure 3.11: Influence of different parameters on the net electrical output:
(a) thermal oil outlet temperature (b) cycle maximum pressure

Pure fluids discussion

As it emerges from the previous sections, many parameters have to be taken into
account in order to define which purc fluid is the most suitable for a modcrate
temperature heat source. First of all, a minimum value for the condensing pressure
should be fixed: sub-atmospheric pressures enable to effectively produce power with
several working fluids (in this case good results are achieved with cyclohexane and
MM), while the choice of an atmospheric condenser leads to a more simple design
of this component and thus to lower investment costs.

The most suitable candidate for power only plants with an atmospheric con-
denser is n-pentane and in fact this fluid was selected as working fluid for the 1
MW, Saguaro Concentrated solar plant [60].

Hydrocarbons seems to be more promising when used in cogenerative plants:
as the condensing pressure increases they release heat at higher temperature lev-
els and so they could be couple with different kind of industrial processes. If a
sub-atmospheric condenser is considered m-oxylene, p-xylene and o-xylene could be
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uscd in connection with an air condenser and still produce a relevant power output
(about 700 kW). The same goes for a cyclohexane configuration coupled with an
atmospheric condenser (in this case the net electrical output decreases to 580 kW).

Siloxanes are greatly affected by the condensing pressure: ideally, they are po-
tential fluids, but as the condensing pressure increases their power output drops
drastically. The most interesting fluid among this category is MM either in at-
mospheric (cogenerative or coupled with air condenser) or sub-atmospheric (cogen-
erative only) configurations. All the other compounds are characterised by high
condcnsing temperatures and so their use would be reasonable only in cogencrative
applications.

3.5.3 Mixtures results

As stated at the beginning of Chapter 2 few references are available for moderate
temperature applications using zeotropic mixtures. The following analysis is there-
fore carried out investigating the performance of possible mixtures composed by the
pure fluids described in section 3.5.1. The metodology is the same explained for the
low temperature case: the performance of every mixture is analysed by means of
an optimization process that considers turbine inlet temperature, maximum cycle
pressure and mixture mass fraction as optimization parameters.

In order to avoid problems related to the composition itself, only mixtures made
of two compounds from the same category have been investigated. For the condens-
ing pressure two different approaches have been considered:

1. For mixtures composed by toluene, cyclohexane and n-pentane the pressure
level is left free to vary accordingly to the pinch point criteria: since the pure
fluids had technically feasible values for the condensing pressure, their mixture
will most probably behave similarly;

2. For the other mixtures the condensing pressurc has been sct as a fixed pa-
rameter in the optimisation process: the selected pressure levels are 1.05 and
0.05 bar (like for the pure fluids case). This way it will be possible to find out
whether the selected pressure level has any relevance on the mixture perfor-
mance.

Free condensing pressure

As shown in Table 3.13 the introduction of mixtures for this temperature range
leads to more performing configurations: using a combination of cyclohexane and
toluene improves the net electrical output by 2.77 %, while the increment is equal to
1.53% with n-pentanc and cyclohexane. Nonetheless no performance gain is reached
with a mixture of toluene and n-pentane.

Analysing the temperature profiles of the cyclohexane/toluene mixture both for
the boiler (Figure 3.12) and the condenser (Figure 3.13) it clearly appears a better
match between the working fluid and the two heat sources. Anyway, looking at
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the results it is casy to understand that the performance gain is mainly related to
the higher turbine inlet temperature (that reaches about 222 °C') and the lower
condensing pressure (0.13 bar instead of 0.18). While the lower condensing pressure
is still in the feasibility range, the increased maximum temperature might lead to
safety hazards considering the auto ignition temperature of 245 °C for cyclohexane.

Table 3.13: Moderate temperature mixtures results

Fluid 1 Fluid 2 High pressure  TIT T1 W %increase
[bar [°C] [kW]
Cyclohexane  Toluene 17,19 222,26 0,83 964,12 2,77
Cyclohexane mn-pentane 19,29 220,74 0,95 952,56 1,53
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Fixed condensing pressure

The optimization of the other possible mixtures shows little or no power output
improvement within the selected thermal level. The only slight gains are obtained
using ethylbenzene/m-xylene and p-xylene/m-xylene mixtures (see Table 3.14).

Looking at the results from the optimized configuration for p-xylene/m-xylene it
seems that changing the condensing pressure has little relevance in the performance
of the mixtures: the performance gain with both the selected pressures is really
similar and occurs with the almost the same mixture composition.

Table 3.14: Moderate temperature mixtures results

Fluid 1 Fluid 2  High pressure TIT Pcond x Wa  %increase
[bar] [bar] [°C] [EW]
Ethylbenzene p-xylene 3,51 188,96 0,05 0,71 759,01 0,39
p-xylene m-xylene 2,93 181,71 0,05 0,63 741,59 1,47
p-xylene m-xylene 6,76 225,26 1,05 0,57 268,35 1,62

The estimated power output increment is anyway not enough to make such
mixtures particularly interesting for the considered heat source level:

e if an atmospheric condenser is chosen MM and Cyclohexane show better per-
formances for power productions, while for cogenerative solutions Ethylben-
zene seems to be a more suitable candidate (it enables to produce slightly
more electrical output and it releases heat at the same temperature level);

e if sub-atmospheric condenser is chosen the considered mixture could lead to
good results when coupled to a air cooling unit, but a performance increment
lower than 2% might not enough to justify the use of the mixture rather than
the corresponding pure fluids;

3.6 Discussion

In this chapter the performance of different power cycle configurations was anal-
ysed. The fixed parameters in the optimization process were the cooling water inlet
temperature, the heat source mass flow rate and maximum temperature, while cycle
maximum pressure and temperature were chosen as the optimization parameters.
No constrain was defined for the outlet temperature of the heat source and therefore
the aim of this first study was to define which configurations were capable of pro-
ducing the greatest amount of clectrical power out of a given heat source. Morcover,
since both pure fluids and binary mixtures were considered as possible candidates,
the results enabled to understand whether the use of zeotropic mixtures could allow
relevant performance improvement for the two selected heat source levels.

In the first case study a 150°C heat source was analysed. The optimization
process showed that the most performing fluids among the the selected candidates
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arc the HFOs R1234zc and R1234yf in supcrcritical configuration. For the hy-
drocarbons, the optimization process leads to a saturated cycle configuration and
the most performing fluid of this category is isobutane, whose power production
is 14.6% lower than R1234ze. Primary indicators of the effectiveness of a power
cycle configuration are the heat source outlet temperature (the power production
increases for those configurations that are able to effectively extract heat from the
heat transfer fluid) and the turbine inlet temperature.

As the use of mixtures was introduced into the power cycle analysis two different
results emerged. The configurations using a mixture of R1234yz and R1234ze as
working fluid show a very little power output increment (lower than 0.5 %). This
might be related to their supercritical configuration: in this case the introduction of
the temperature glide during the evaporation and condensation process has a lower
incidence since the evaporation process is not isothermal even in the pure fluid case.

On the other hand when the analysis considered mixtures of different hydro-
carbons a relevant performance increment appeared. The configurations that show
the best performance improvement are ihexane-pentane (0.51/0.49), cyclohexane-
cyclopentane (0.82/0.18) and hexane-pentane (0.14/0.86) that enable to produce
respectively 6.99, 6,73 and 6.58 % more power than the best pure fluid in the con-
sidered mixture. All of these mixtures show the best results in a saturated cycle
configuration: in this case the introduction of the temperature glide enables to in-
crease the turbine inlet temperature and to decrease the irreversibility both in the
boiler and in the condenser.

In the second case study a 310°C' heat source was analysed. As the temperature
level of the heat source increases, stability and flammability issues might appear for
some working fluid and therefore the analysis considered only fluids whose stability
have been proved up to 300°C. Additional constrains for the cycle maximum tem-
perature have been considered for fluids with flammability issues.

A primary optimization process showed that, given the considered cooling wa-
ter inlet temperature, most of the selected working fluids configuration were char-
acterised by not feasible condensing pressures (the only feasible configurations are
those with Cyclohexane, Toluene, n-Pentane and MM). As a consequence, in order
to compare the performance of the other candidates two fixed condensing pressure
were considered: a sub-atmospheric level (P.,,q = 0.05 bar) and an atmospheric
level (P.ong = 1.05 bar).

The optimization of the purc fluid configurations shows that the greatest clec-
trical outputs are achievable with Cyclohexane and Toluene (both these fluids have
feasible condensing pressures). As the condensing pressure increases the power out-
put decreases and at the same time the required temperature for the condensing
water increases. In particular, for Siloxanes the performance drops by 50% even
with a condensing pressure of 0.05 bar and the required water temperature ranges
between 51 and 116°C.
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When an atmospheric condenser is considered the only fluid that reaches a power
output comparable to the previous cases is n-Pentane, while for the other configu-
rations the net electrical output drops at least by 40 %. In this case most of the
fluids release heat at high temperature ( > 100°C) and thus it is clear that those
configurations would be more suitable for cogenerative applications.

The use of mixtures seems less profitable for this temperature level: a mixture of
Cyclohexane and Toluene (0.83/0.17) shows a performance improvement of 2.77%
but this is mostly related to a lower condensing pressure and to and increased tur-
bine inlet temperature. The increased value for the turbine inlet temperature is
also related to safety issues: cyclohexane is characterised by a low value for the
auto-ignition temperature and thus by increasing the cycle maximum temperature
safety hazards might appear. A mixture of cyclohexane and n-Pentane (0.95/0.05)
shows a performance improvement of 1.53%, but the increased value for turbine
inlet temperature leads to the same considerations of the previous case.

Considering the behaviour of mixtures for configurations with a fixed value for
the condensing pressure a performance increment is possible using a mixture of p-
xylene and m-xylene: the power output increases by 1.47% with P,.,,q = 0.05 bar
and by 1.62% with P.,,q = 1.05 bar. From this result it appears that the effec-
tiveness of mixtures is not strictly related to the considered condensing pressure.
Nonetheless it should be considered that fixing the condensing pressure instead of
the cooling water inlet temperature might not be a fair way to compare pure fluids
and mixtures: by fixing the condensing pressure the analysis neglects the benefits of
the temperature glide in the condensing process. Furthermore it is not a common
practice to fix the condensing pressure: usually the design study takes into account
the cooling water availability and the condensing pressure is chosen so that to fulfil
the cooling requirements.

The moderate temperature case seems more complex and less promising for
mixtures: detailed plant specification (range of acceptable condensing pressures,
purpose of the plant, possibility to recover the released heat in a bottoming process)
and tests on the working fluids (thermal stability should be ensured and the limits
to avoid flammability issues should be defined) are required in order to pick the
most suitable configuration. As a consequence, after the first analysis carried out in
this chapter, it has been decided to keep analysing the performance of power cycles
tailored to low temperature heat sources.
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Chapter 4

Concentrated solar power
technology

In order to investigate the behaviour of mixtures in organic rankine cycles tailored
for solar applications a model for the solar field has to be built. In the previous
chapter it has been shown that the use of mixtures allows to produce more power out
of a hot source, but the behaviour of an overall solar power system is more complex.

When the purpose is to produce the maximum power, like for example in geother-
mal power plants, the optimal solution is the one that better exploits the available
heat source by decreasing its temperature as much as possible (a minimum allowed
re injection temperature is usually defined), but this is not necessarily true for solar-
driven power plants. In a concentrated solar plant the heat transfer fluids operates
in a closed loop so that the outlet of the boiler is the inlet of the solar field: solutions
with very low boiler outlet temperatures for the heat carrier will require bigger col-
lecting surfaces and thus will be characterised by higher losses of the solar field. On
the other hand solutions with small temperature drops in the boiler might enable
to have lower losses in the solar field but might be penalised by higher values of the
heat transfer fluid mass flow rate.

In order to find out a trade off between costs and power production a thermoeco-
nomic optimization is usually performed for this kind of plants: the purpose is thus
to define which configuration will enable to have the lower levelised cost of electricity.

In this chapter a brief overview of this technology will be presented and then
the considered solar field model will be described.

4.1 Technology overview

The increasing awareness on the environmental problems related to the traditional
fuel based power plants forces us to investigate and exploit more sustainable sources
of energy. Among the different renewable sources of energy, the solar power could
play a primary role in the development of a new and more sustainable electricity
generation system. A schematic view of solar conversion technologies can be seen

45
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in Figure 4.1.
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Figure 4.1: Schematic representation of solar conversion technologies [56]

In a concentrated solar power plants the solar irradiation is concentrated into
a small area: this enables to heat the heat transfer fluid up to 1000 °C' and thus
to increase the efficiency of the conversion system. In order to be able to provide
electricity as it is needed, most of these plants are equipped with a thermal storage
system or a backup system: both of these technologies enable to extend the power
production period and to shift the electricity production from the source availability
to the peak demand hours [56].

Another possibility is to couple a solar driven power system with a traditional
power generation plant: in this way it is possible to perform a more effective conver-
sion of sun energy into electricity and to obtain a more constant power production.
As already mentioned in Chapter 2 both solar aided coal-fired [4] and solar gas-
turbine [5] power plants have been proposed.

Although Concentrated power plants have already been proved to be a econom-
ically feasible, their installation is only possible in those locations characterised by
high values of direct normal irradiation. At present four technologies are available:

4.1.1 Solar power towers

In this application a field of distributed mirrors (heliostats) concentrates the sun
radiation into a central receiver usually placed at the top of a fixed tower (see
Figure 4.2). The heliostats follows the sun thanks to a two-axis tracking system
and since the sun radiation is concentrated up to 600-1000 times the selected heat
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transfer fluid can reach temperatures of 800-1000°C' [57]. The operating plants arc
usually linked to a steam Rankine cycle and different heating transfer media can be
considered: air, molten salts (both as heat transfer and storage media) and steam
(also in direct steam generation applications). Given the high temperature that
can be achieved, solar tower power plants can be also used to drive gas turbines or
combined cycles: a volumetric receiver developed within the European SOLGATE
project have already been successfully used to operate a 250 kW gas turbine over
800 °C' [57].

Solar Tower

XIS

CRW K 77

Heliostats

Figure 4.2: Solar tower [56]

4.1.2 Parabolic dish systems

A second application that enables to reach very high temperatures is the parabolic
dish system. In this case a parabolic dish collector continuously tracks the sun and
concentrates the solar irradiation in its focal point (see Figure 4.3). The conversion
of the heat into power is usually performed with a stirling engine or a small gas
turbine. As all the system tracks the sun, only small capacity units are feasible (the
typical size is 10 kW or smaller) and thus hundreds of dishes would be required
in order to reach significant power outputs. Nonetheless this technology enables
to reach the highest conversion efficiency among all the CSP systems and mass
production might allow to substantially decrease the investment costs [58].

4.1.3 Parabolic trough collectors

Parabolic trough are the most common CSP technology: the solar energy is col-
lected by curved mirrors and reflected onto a linear shaped receiver (see Figure 4.5).
As the concentrating ratio is lower than in previous applications, the heat transfer
fluid (usually pressurized water, thermal oils or molten salts) can be heated up to
temperatures around 350-550 °C' and can supply either a steam or an organic Rank-
ine cycle. Parabolic trough are generally installed along a one-axis tracking system:
both east-west and north-south configurations are possible. The biggest parabolic
trough application is the Solar Electric Generation System (SEGS) located in south-
ern California and has an overall capacity of 354 MW, [59]. As reported by Quoilin
et al [60] few systems operate with an organic rankine cycle: a 1 MW, power plant
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Figure 4.3: Parabolic dish system [56]

using n-pentane is located in Arizona, a 100 kW, was commissioned in Hawaii and
some kW-size prototypes are under study for remote off-grid applications. Even
though the control of two-phase steam water flow inside horizontal absorber tubes
is a major engineering challenge, direct steam generation have already been demon-
strated by CIEMAT and DLR in a 500 m test loop with an aperture of 5.78 m
[57].
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Figure 4.4: Parabolic trough system [56]

4.1.4 Linear Fresnel reflectors

Linear Fresnel are based on the same principle of the parabolic trough collectors:
the sunlight is collected by mirrors and then reflected into a lincar receciver. However
in this case a set of flat mirrors emulate the presence of a parabolic receiver: this
allows to install the receiver on a separate unit and thus to have a cheaper and more
effective tracking system [58]. The downside of this system lies in the shading that
can occur between adjacent mirrors: in order to reduce this shading effects it would
be necessary either to increase the spacing between to consecutive rows (and thus
to increase the land usage) or to increase the height of the receiver with the related
increment of the investment costs.
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Figure 4.5: Linear Fresnel reflectors [56]

4.2 Calculation of collected solar energy

This thesis considers a parabolic trough solar system as this is a very well known
technology and it enables to reach the required temperature (150 °C') for the heat
transfer fluid.

In order to perform an annual simulation of the considered power system it is
necessary to define solar energy impinging on the solar collectors in every moment
of the day. The energy that is received and reflected into the receiver depends on
various factors, some of them are:

e the day and the hour of the day;
e the location of the power plant;
e the considered collector technology;

e the tracking system;

As reported by Burkeholder et al. [61], the solar irradiation absorbed per unit
of collector length, expressed in W/m can be calculated in the following way:

Qsoaps = DNT cos(0) A, 0o TAM (4.1)

where:
DNI is direct normal irradiation in W /m?;

© is the incidence angle: the angle between the direction of the sunlight and the
direction normal to the surface (see Figure 4.6);

A, is the collector aperture (m);
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Nopt 18 the optical cfficiency at normal incidence: it includes the reflectance of the
reflector, the glass envelope transmittance and effects of dirt, geometry and shading;

IAM is the incidence angle modifier and it’s a function of the incidence angle and
the optical qualities of the collectors. According to Dudley et al. [63], it can be
estimated as:

~cos(f) + 0.000884 § — 0.0000537 ¢* } 12

IAM:mm{l, cos()

Incidence
Angle

™~

b
“+

Figure 4.6: Incidence angle: the angle between the direction of the sunlight
and the normal to the surface

The parabolic trough system is continuously adjusted in order to maximize
the collected solar energy but a perfect tracking is possible only by using a 2-axis
system. According to Duffie et al [64] the incidence angle for an horizontal plane
continuously rotated about an east-west axis in order to maximize the collected
energy is given by:

cos(0) = /1 — cos?(§)sin2(w) (4.3)

If instead the considered surface rotates about a north-south axis, the incidence
angle can be calculated as:

cos(0) = \/cos2(6.,) — cos2(8)sin>(w) (4.4)

In order to evaluate the value of the incident angle, three new parameters have

to be defined:

1. The declination angle (0) that is the angular position of the sun at solar noon
with respect to the plane of the equator, north positive;

2. The zenit angle (0,) that is the angle between the vertical and the line to the

z

sun;

3. The hour angle (w) that is the angular displacement of the sun east or west
of the local meridian due to the rotation of the earth on its axis at 15° per
hour;
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The declination angle is function of the number of the day n (1 for the 1st of
January, 365 for 31st of December) and can be evaluated using the approximated
equation of Cooper [64]:

. 2844+ n
0 = 23.45 sin | 360 4.5
sin ( 365 ) (4.5)
The zenit angle is related to the latitude (¢) and is given by:
cos(0,) = cos(¢p)cos(d)cos(w) + sin(@)sin(0) (4.6)

The hour angle is zero at noon, positive after noon and negative in the morning,
it can be calculate as:

w = 15° (Local solar time — 12°) (4.7)

The local solar time can be calculated from the standard time:

Solar time = Local time +4(Ls; — Lio.) + E (4.8)

where:
L is the standard meridian for the local time zone;
Ljoe is the longitude of the selected location;

E is the equation of time (see Figure 4.8 ) and is given by the following equation
from Spencer (1971) [64]:

E = 229.2(0.000075 + 0.001868¢os(B) — 0.032077sin(B)

4.9
— 0.014615¢05(2B) — 0.04089sin(2B)) (4.9)

Equation of time, min
o

Month

Figure 4.7: Equation of time as a function of time of the year [65]
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B is given by:

B=(n-1) <§’22> (4.10)

4.3 Solar field model

Once calculated the energy that can be collected at a given hour of a given day it is
still necessary to evaluate how much of this energy can be effectively absorbed by
the heat transfer fluid and how much is instead rejected back to the environment
as a heat loss.

In order to evaluate the usefull collected energy the collector and receiver tech-
nology have to be defined. In this study it has been decided to consider a LS-3
parabolic trough collector and a 2008 PTR70 receiver (see Table 4.1). These col-
lectors and receiver have been usually considered for large scale power plants due
to their high performance, but they can be also considered for smaller plants in
order to have high efficiencies for the solar field. A power plant using this kind of
technology will surely require higher investment cost, but at the same time it will
enable to decrease the land use of the overall system, which is one of the primary
goals for concentrated solar power plants.

Table 4.1: 2008 PTR70 receiver design specifications [61]

Parameter Value
Conductivity of the glass (kg) 1.1 W/m K
Conductivity of the absorber (kqps) 14.840.0153T s W/m K
Emissivity of the glass (¢q) 0.89
Emissivity of the absorber (eqps) 0.062+(2.00E-7)T2
Inner radius of the absorber (rgps,;) 0.033 m

Outer radius of the absorber (7g4s ) 0.035 m

Inner radius of the glazing element (74;) 0.057 m

Outer radius of the glazing element (r4,) 0.060 m
Pressure in anulus < 1073 mbar

The developed heat transfer model is based on the EES Forristall model [65].

As it is possible to see in Figure 4.7 the original model considers 8 heat fluxes:

1. G12,comv: convective heat flux between the heat transfer fluid and the inner
surface of the absorber:

2. 23,cona: conductive heat flux between the inner and the outer surface of the
absorber;
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3. 434,conv: convective heat flux between the outer surface of the absorber and
the inner surface of the protective glass;

4. 34,rqq: radiative heat flux between the outer surface of the absorber and the
inner surface of the protective glass;

5. (eond,bracker: conductive losses trough the support brackets;

6. qu5,cond: conductive heat flux between the inner and the outer surface of the
protective glass;

7. {56,conv: convective heat flux between the outer surface of the protective glass
and the environment;

8. {57,raq: Tadiative heat flux between the outer surface of the protective glass
and the environment;

The solar irradiation is modelled as two additional heat fluxes:

1. g3,5014bs: solar irradiation absorbed by the outer surface of the absorber;

2. {5 5014ps: solar irradiation absorbed by the outer surface of the protective
glass;

Finally the calculation of the absorbed energy and of the heat losses is performed
with 4 energy balances:

q12,conv = (23,cond (4.11)
43,50l Abs = Q34,conv T @34,rad + 423,cond T Qeond,bracket (4.12)
434,conv 1+ 434,rad = 445.cond (4.13)
Q45,cond + 45,501 Abs = G56,conv 1 457,rad (4.14)
Qheat,Loss = q56,conv T Q57,rad T Qeond,bracket (4.15)

In the developed model some variations from the original model have been made.
First of all the heat losses trough the support brackets have been neglected: those
losses are really low compared to the other heat flux and they become even smaller
since the considered temperature level (150 °C') is lower than the usual 400 °C' of
large scale parabolic trough systems.

As a second step, two additional heat fluxes (g4 go14ps and ggoi resi) have been
introduced. The former considers the solar energy that is transmitted trough the
protective glass, reflected back from the absorber clement and absorbed into the
inner surface of the glass; the latter takes into account the solar energy that is
reflected back into the environment and thus does not participate to the overall
energy balance.

The Forristal model did not take into consideration the reflected solar energy,
nor considered the possibility that part of the energy transmitted trough the glaz-
ing element could have been reflected back from the absorber element (the absorber
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clement was characterised by an absorption cocfficient lower than 1, but the the

energy that was not absorbed was not considered into any energy balance).
The cnergy balances considered in the developed model are:

q12,conv = 423,cond
43,50l Abs = 434,conv T 434,rad + 423,cond
G34,conv 1+ Q34,rad + 94,50l Abs = 445,cond
q45,cond + g5,So0l Abs = 456,conv + q57,rad
Qheat,Loss = q56,conv 1 957,rad + 4Sol,Refl

a) One-dimensional energy balance
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b) Thermal resistance model
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Figure 4.8: Forristall model: (a) One-dimensional steady state energy bal-
ance (b) Thermal resistance model for a cross section of a heat collector
element [64]
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The solar cnergy collected per meter of solar ficld is equal to:

qSotAbs = DN cos(6) Ap nopt 1AM (4.21)

The optical efficiency takes into account collector geometry effects (shadowing,

tracking, alignment), mirror and glass envelope transmittance effects (mirror re-
flectance and dirt) and is calculated as suggested by Forristall [65]:

/ / A A /! A
T]opt — €1 €9 €3 €4 €5 €4 (422)

Table 4.2: Estimates of effective optical efficiency terms [65]

¢/ = HCE shadowing (bellows, shielding, supports) 0.974

e, = Tracking error 0.994

e}, = Geometry error (mirror alignment) 0.98

pe = clean mirror reflectance 0.935
reflectivity 0.90

€, = Dirt on mirrors reflectivity / pg
et = Dirt on HCEs (14 €)/2
€; = Unaccounted 0.96

The solar energy absorbed by the outer surface of the glazing element (W/m)
is given by:

45,50l Abs = 4Sol Abs (gl (4.23)

The cnergy that is transmitted trough the protective glazing is subjected to
multiple reflections between the outer surface of the absorber and the inner surface of
the glazing element (see Figure 4.9) and therefore, in order to evaluate the absorbed
and reflected energy, it is necessary to define the transmittance, reflectivity and
absorptance both of the glazing and of the absorber.

2
pgl ngl(l b2 aabg) ngl (1 & “ahs)pgl

\I /’ Ta(l- s ){Isl /' Ta(1l- g )2psl:lﬂgi /'
gl(l AV 8'-(1 Uaps )pgl Glazing
g] ( 1- abs )pm

Absorber
¢ 4

T
gl Uabs Tl - “abs)pglaabs

Figure 4.9: Scheme of the multiple reflections between the outer surface of
the absorber and the inner surface of the glazing element
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Table 4.3: Estimates of transmittance, reflectivity and absorptance for the
glazing element and the absorber [65]

T = Transmittance of the protective glazing 0.963
pgi = Reflectivity of the protective glazing 0.017
ag = Absorptance of the protective glazing 0.02

Tabs = Transmittance of the absorber 0
pPabs = Reflectivity of the absorber 0.04
Qaps = Absorptance of the absorber 0.96

The solar energy absorbed by the absorber element is equal to:

o
03,50l Abs = S0l Abs Tgi Cabs D (1 — taps)’ ply (4.24)
i=0
Tgl Clabs
- Pyl (1 - aabs)

= (Sol Abs (4.25)

The energy absorbed by the inner surface of the protective glass is equal to:

0.0)
44,S0lAbs = qSolAbs Tgl agl — Qgbs Z 1 - aabs p;l (426>
=0
Tgl Cgl (1 - aabs) P
= {SolAbs 4.27
’ 1—pg (1 — cvaps) ( )
The solar energy that is reflected back to the sky is equal to:
o
QSol.Refl = SolAbs | Pgl + Toy (1 — Qabs Z (1 — aps)’ Pgl] (4.28)
=0
2
T ( — bs)
gl @
= qSolAbs |Pgl + 4.29
ol Abs (] 1— Pgl (1 — aabs)] ( )

Once that all the solar fluxes have been evaluated it is possible to solve all the
energy balances and to calculate the useful heat absorbed by the heat transfer fluid
(G12,conv)- The inclusion of the detailed calculation of the absorption, reflection and
transmission coefficients for the solar light does not lead to substantial differences
in the results, but it makes possible to verify the overall energy balance of the solar
energy:

4Sol,abs = q12,conv + Qheat,Loss (430>

The Forristall model doesn’t consider the multiple reflections between the inner
surface of the glazing and the outer surface of the absorber and does not include
the reflected sunlight into the heat losses and therefore if it is directly used in order
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to calculate the heat transfer fluid heat gain by calculating the absorbed cnergy
(gSo1,4bs) and the heat 108 (gheat,Loss) it leads to an overestimation of the useful
collected energy. The heat transfer correlations that have been used in order to
calculate the various heat fluxes in the model are the ones proposed in the Forristal
model [65] and are listed in Table 4.4.

Table 4.4: Adopted heat transfer correlations

q12,conv  Gnielinksy’s correlation

¢23,cond  Fourier’s law of conduction

@34,conv  Free molecular convection, Ratzel et al. [66]
@344  Radiation heat transfer, Incropera et al. [67]
qa5,cond  Fourier’s law of conduction

¢56,conv  Churchill and Chu / Zhukauskas’s correlation
¢57,0ad  Radiation heat transfer, Incropera et al. [67]

4.4 Solar model validation

The equations required in order to evaluate the declination angle, the zenit angle,
the hour angle, and the conversion from the local time to the solar time have been
validated using the example available in Duffie et al. [64].

The valuc of the incident angle modifier as a function of the incident angle has
been plotted and it matches with the curves available in Dudley et al. [63] (see
Figure 4.10).

o m N e e -

Incident Angle modifier
/
INCIDENT AMGLE MODIFICI

/

K = COS (IA) - B.BOBISIZ (IA) - O.0E0€3137 (IA)-2

il 20 30 0 0 &0 70 L L L I I 1 gl
2 2 1’ E] £ 8 EL) L] a L] kL
Solar Beam incident angle (degrees) SOLAR BEAR INCIEENT MNGLE  (Degress)

(a) (b)

Figure 4.10: IAM as a function of incident angle: (a) Calculated (b) from
Dudley et al. [63]

The heat collector element model has been validated using the examples available
in the appendix of Burkholder et al. [61]. In order to confront the developed model
with the available results some of the equations and assumptions have been changed
to the ones considered in the reference paper:
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1. The heat transfer fluid has been changed to Therminol VP-1;

2. The convective heat exchanged between the inner surface of the glazing and
the outer surface of the absorber has been neglected;

3. Simplified heat transfer correlations have been included to estimate the various

heat fluxes;

4. The calculated heat loss is the conductive heat transfer between the inner and
the outer surface of the protective glazing;

As it emerges from Table 4.5 the different values calculated in the model are very
close to the ones obtained by Burkholder, the only slight differences are probably
due to the not clear definition of some optical properties of the glazing element.

Table 4.5: Solar field model validation

Case 1 Case 2 Case 3

Reference Model | Reference Model | Reference Model
qSol Abs 3834 3834 3229 3229 0 0
q12.conv 3690 3690 3085 3086 -138 -137,9
423.cond 3690 3690 3085 3086 -138 -137,9
434,rad 144 144 144 143 138 137,9
445 cond 144 144 144 143 138 1379
05.S0l Abs 82 82.95 69 69.85 0 0
457 rad 76 76.14 72 71.82 50 49.6
456, conv 150 150.8 141 141.1 88 88.29

4.5 Solar field regression model

In order to reduce the computational time and to easily implement the solar field
model, it has decided to fit it with a regression curve. Many studies have already
proved that regression methods can be successfully applied to the solar models.

Patnode [68] developed a regression curve for the calculation of the heat losses
of a parabolic trough solar ficld. The considered paramcters arc the heat transfer

fluid temperature and the available direct normal irradiation:

HeatLoss = ag+a; T +ag T? + a3z T® + DNI(by+ byT?))

Burkholder [61] developed a different regression model: in this case the input
parameters to calculate the heat losses are the heat tranfer temperature, the ambient

temperature, the wind speed and the collected energy:
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HeatLoss = ag + a1(Thef — Tamp) + azT,?tf + agT,‘?tf
+ayDNT TAM cos(9) Tirs + \/Vi(as + a6(They — Tump)  (4.32)

It can be easily noticed that both the previous correlations neglect the effect of
the heat transfer fluid mass flow rate on the overall heat losses. This parameter has
a low influence on the losses but it is not totally irrelevant: as the mass flow rate
increases, the convective heat transfer coefficients of fluid increases (it depends on
the Reynolds number, that is function of the fluid speed and thus to its mass flow
rate) and therefore the heat losses should decrease.

In this study, since the solar field model is used both for design and off-design
evaluations, it has been decided to include the mass flow rate as one of the param-
cters to be considered for the calculation of the heat losscs. In order to define a
proper regression curve, the model has been run 432 times changing the different
values shown in Table 4.6.

Table 4.6: Considered parameters for the heat loss regression curve

Parameter Value

Thes 80, 110, 150 °C
Tt 20, 35 °C

Vi 0,2,4,8m/s

Mt f 4, 8,12 kg/s

DNI 500 800 1000 VV/?TL2
0 0, 20 ©

The regression curve, estimated using DataFit 9.0 (R? = 99.99%), is given by:

HeatLoss = ag + a1x1 + asxe + asxs + agry + asxs (4.33)

As expected the increment of the heat transfer fluid mass flow rate has a posi-
tive impact on the losses (even though its value is very little), while, on the other
hand, the increment of any of the other input values has as a consequence an in-
crement of the losses: increasing the fluid temperature, the wind speed and the
over-temperature with respect to the ambient temperature has in fact a positive
effect on the heat transfer coefficients between the solar field and the surroundings.

What might appear strange is the linear relationship between the heat losses and
the heat transfer fluid temperature: in all the other available regression models this
dependence was exponential. The difference between the other available models and
the one just developed can easily been justified: while the other works considered
a temperature range between 50 and 400 °C), in this case the temperature range is
much smaller (80-150°C') and thus a linear dependence is enough to have a good
fitting of the calculated points (see Figure 4.11).
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Table 4.7: Regression parameters

Parameter Value

x1 Thif — Toamp

To Thiy

3 Ap,DNI I AMcos(9)
T4 Vi

x5 Mptf

ag -8.66861922262613

ai 9.00163160366928 E-02
as 0.110866312681543

as 6.31820732077251E-02
aq 0.146451064512209

as -1.06361666309851E-02

400
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300f
250

200

Calculated Heat Loss (W/m)

150 s
150 200 250

300 350 400
Heat Loss (W/m)

Figure 4.11: Goodness of the fit for the heat loss correlation



Chapter 5

Overall System Analysis

In this chapter the overall system that includes both the solar field and the power
cycle is optimized and analysed. Looking at the literature it appears that when
designing a solar power plant it is a common assumption to fix both the inlet and
outlet temperature of the solar field and then to optimize the net power produc-
tion. The defined values for the inlet and outlet temperature for the heat carrier
are usually derived from previous thermoeconomic studies or assumed in order to
have a desired temperature drop in the boiler.

Nonetheless, in this study it has been decided not to fix the outlet temperature
of the pressurized water: the aim is to understand which configuration is the best
from a thermodynamic point of view.

Given the relatively low level of the heat source temperature (150°C') the target
power output cannot be high otherwise the required land would be too big. As
already mentioned in section 4.1.3 some kW -size prototypes are under study for
remote off-grid applications: in this case even low temperature solar power plants
could be an interesting solution due to their simpler configuration.

Here the clectrical output is fixed to 100 kW so that the plant could be suitable
to supply a group of houses in a remote area.

The considered optimization parameter is the overall solar to electrical efficiency,

defined as:

o Wel - Wpip?’ng
overall —
DNI Ssolarfield

(5.1)

The optimization of this parameter will lead both to the most efficient power
plant and to the one that requires the smaller solar field area. The steps considered
in the optimization process are the following;:

1. A pure fluid or mixture is selected as working fluid;
2. The cycle maximum pressure and turbine inlet temperature are chosen,;

61
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3. The Organic rankine cycle model is solved and the calculated output arc the
heat transfer fluid mass flow rate and temperature at the outlet of the boiler
(which is equal to the solar field inlet temperature);

4. The solar field model uses the power cycle outputs to calculate the required
land area, the power absorbed by the pipings and the overall solar to electrical
efficiency;

5. The genetic algorithm stores the result and repeats the scheme until the best
solution is found.

In order to calculate the solar field area the regression model developed in chap-
ter 4 is used in an energy balance between the solar irradiation and the heat transfer
fluid [70]:

q12,conv Az (52)

Tt ,out = Tyt K + =
! T ey cpIay

q12,conv = 4SolAbs — HeatLoss (53)

In the design case the temperature difference between the inlet and the outlet of
the solar field is discretized in 100 steps and for each of them the required absorber
length (Az) is calculated. Finally the required solar field surface is calculated by
multiplying the absorber length for the collector aperture area. The solar field
model sensitivity to the number of discretization steps is shown in Figure 5.1 (the
inlet and outlet temperatures considered for the sensitivity analysis are 100 and
150° C).
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Figure 5.1: Solar field model sensitivity analysis
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Furthermore, for cvery discretization step of the solar field the corresponding
pressures loss (Pa) is calculated with the following relationship[18]:

Az G%tf

Api=fom—"—
‘ 2 Daps,i Phif

(5.4)

(5.5)

(le,l’ (5,6)

The friction factor f is estimated with the following equation from Incropera et

al. [67]:

f =1[0.790In(Rep) — 1.64]72 (5.7)
. 4mhtf
ReD B ™ Dabs,z 12 (58)

Finally the pumping power requirement is estimated as:

pep Ap
Woiping = L (5.9)
Phtf
where Apyo: is the pressure loss of the overall solar field pipings:
n
Apror = Z Ap; (5.10)
i=0

The genctic algorithm is ran for 200 generations with a population size of 200
individuals in order to be sure to reach the real maximum point. The maximum
and minimum allowed values for the optimization parameters are:

Table 5.1: Optimization parameters boundaries

Parameter Min Max

Cycle high pressure 1 40 [bar]
Turbine inlet temperature 60 140 [°C]
Mass fraction 0 1
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The fixed paramcters in the optimization process arc listed in Table 5.2.

Table 5.2: Fixed parameters in the optimization process

Heat transfer fluid: Pressurized Water (8 bar)
Absorber type: 2008 PTRT70
Solar collector: LS-3
Incident angle modifier: 1
Incident angle: 0°
Optical efficiency: 0.8448
Design DNT: 800 W/m?K
Design ambient temperature: 25 °C
Design wind speed: 2m/s
Cooling water inlet temperature: 20°C
Cooling water temperature increase : 5°C
ATy 8°C
Mis,t 0.70
Nisp 0.70

5.1 Pure fluids results

As a first step only pure fluids are considered in the optimization process. The
obtained results are enlightened in Table 5.3.

Table 5.3: Pure fluid results for the overall system optimization

Fluid High pressure  TIT  Super-heating ATree Prond  Toverall Tel
bar] [°C] °C] °C] [bar]

Butane 24,85 140,00 13,39 28,37 3,08 0,1053 0,1360
Cyclohexane 3,80 140,00 7,87 35,95 0,18 0,1193 0,1562
Cyclopentane 8,26 140,00 8,35 27,09 0,57 0,1159 0,1515
Hexane 5,25 140,00 7,68 43,01 0,28 0,1187 0,1544
Thexane 6,38 140,00 7,67 44,33 0,39 0,1182 0,1546
Ipentane 13,53 140,00 8,34 37,90 1,20 0,1140 0,1483
Isobutanc 29,07 140,00 18,56 30,11 4,37 0,1007 0,1297
Pentanc 11,43 140,00 8,17 37,19 0,91  0,1149 0,1483
R1234yf 40,00 140,00  Supereritical 32,46 8,40 0,0882 0,1133
R1234zc 36,99 140,00  Supereritical 26,81 6,25  0,0917 0,178

As a first result it appears that all the optimised configurations include a re-
cuperator (AT, is the temperature increase of the cold fluid): this is the proof
that this component enables to increase the effectiveness of the solar to electricity
conversion. Secondly, looking at the turbine inlet temperatures it clearly emerges
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that in all the cases its value is 140 °C. In the casc analysed in chapter 3 the
purpose was to extract the maximum amount of power from a hot stream and thus
the fluids that had the best performance were those who were capable of effectively
decrease the temperature of the source so that to absorb as much heat as possible.
Here the purpose is to effectively convert the solar energy into electricity and thus
the temperature at which the heat is absorbed by the working fluid is of primary
importance: the highest the average temperature at which the heat is absorbed, the
highest will be the power cycle efficiency.

The fact that all the optimized configurations are characterised by the maxi-
mum allowed turbine inlet temperature clearly shows that configurations where the
heat is absorbed at a higher temperature outperform configurations where the heat
absorption occurs at lower levels.

Looking at the optimized configurations it appears that when the selected work-
ing fluid is an hydrocarbon, the optimization leads to a super-heated cycle (super
heating temperature ranges between 7 and 18°C'): on the other hand, when HFOs
are considered the optimized cycle is supercritical (this is related to the lower crit-
ical temperature of these fluids, see Table 3.3).

All the calculated condensing pressures are in the feasibility range and in some
cases the condensing pressure is above the atmospheric pressure (Butane, Ipentane,
Isobutane, R1234yf and R2134ze).

From a thermodynamic point of view the most performing fluid is Cyclohexane
with an overall efficiency of 11.93%, but also configurations with other fluids (Cy-
clopentane, Hexane and Thexane) reach an effectiveness higher than 11.5%. Another
interesting configuration is obtained with Ipentane: in this case the effectiveness is
11.4%, but the condensing pressure level (1.2 bar) would enable to install a cheaper
condenser (the systems to prevent air leakages are in this case not required). When
HFOs are considered the overall efficiency is lower (around 9%) and this is mainly
related to the lower electrical efficiency of their configurations.

In table 5.4 the solar field parameters of the various configurations are depicted.
The solar field efficiency is defined as:

'mhtf (ha - hc)

Nsolar, field = DNI St . (511)
O
A new parameter, the specific power production, is also introduced:
%1%
wvspec = SN@t (512)
tot
Where:

Wnet = Wey — Wpiping (513)

All the configurations are characterised by the same electrical output (100 kW),
but due to different values of the power required by the solar field piping their net
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output is different. The specific power production is so an intcresting paramecter
that enables to understand how much energy is produced in design condition by a
square meter of solar field.

Table 5.4: Pure fluid results for the Solar field

Fluid 1. My Nsolar Stot Wpipin g Wi pec
[°C]  [kg/s] [m?] kW] [(W/m?]
Butane 122,00 6,14 0,78 1181,37 0,45 84,27

Cyclohexane 13594 10,61 0,78 1028,71 1,85 9541
Cyclopentane 134,70 10,06 0,78 1060,57 1,64 92,74

Hexane 13546 10,33 0,78 103527 1,73 94,92
Thexane 13522 1021 0,78 1039.45 1,68 94,59
Ipentane 132,81 9,15 0,78 1082,75 1,28 91,18
Isobutane 111,73 4,72 0,78 123811 022 80,59
Pentane 133,55 946 0,78 107245 1,39 91,94
R1234vf 83,63 3,13 0,78 141577 0,08 70,58
R1234z¢ 89,20 3,29 0,78 1362,25 0,09 73,34

Looking at the results of table 5.4 it appears that the solar field efficiency is
almost the same for every considered configuration. Since the overall solar to elec-
trical efficiency is given by the solar field efficiency multiplied for the power cycle
electrical efficiency, it easily follows that the primary factor that distinguishes the
cffectiveness of the various configurations is the power cycle cfficiency, which is
strictly related to the pressurized water boiler outlet temperature (7;): as this tem-
perature increases the power cycle efficiency increases (see Figure 5.2: every point
represents a working fluid in its optimized configuration).

0.12 o 0.16
t * o
- ~ +*
;-Okl é‘(),l\ o
3 * 2
2 = 0.14
S 0.1 % 5 .
E So013 *
2 0.09 . 3
= . @12t
+*
. 0.11
O'O%.] 0.12 0.14 0.16 80 100 120 140
Electrical efficiency Pressurized water boiler outlet temperature (°C)
(a) Influence of the electrical efficiency (b) Influence of the pressurized water
on the overall efficiency boiler outlet temperature on the elec-

trical efficiency

Figure 5.2: Relationship between various parameters: (a) Dependence of the
overall efficiency on the electrical efficiency (b) Dependence of the electrical
efficiency on the pressurized water boiler outlet temperature
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Morcover the pressurized water boiler outlet temperature is connected to the
mass flow required in the solar field. The heat released by the heat transfer fluid in
the boiler is given by:

Qreleased = 77"thtf Cp AT (514)

As a consequence, the temperature glide of the HTF fluid in the boiler is re-
lated to two opposite phenomena and plays a fundamental role in the optimization
process:

1. When the temperature glide decreases the heat absorption in the power cycle
can occur at a higher temperature an this enables to increase the power cycle
efficiency;

2. When the temperature glide increase the required water mass flow rate de-
creases and thus the power absorbed by the pipings decreases, leading to
higher net power outputs;

Looking at the most performing configurations it can be noticed that the tem-
perature glide of the pressurized water ranges between 14 and 17 °C': a similar value
(15°C) has been found in a similar analysis carried out by Quoilin et al. [62] for
low temperature CSP (<200°C).

Anyway it is important to point out that the introduction of the pressure losses
for the various heat exchangers and the estimation of the required heat exchange
area might lead to increased values for this temperature glide (given a maximum
allowed value for the heat exchanger pressure losses, the required surface area in-
creases with the mass flow rate).

Analysing the boiler heat transfer profiles for the various configurations (see
Figure 5.3) it emerges the reason why the HFOs are characterised by lower electrical
efficiencies: when the selected working fluid is an hydrocarbon the heat is mainly
absorbed at high temperature during the evaporation process and this enables to
have high values for the average temperature at which the heat is absorbed into the
cycle. When instead the fluid is an HFO the heat absorption process occurs at a
varying temperature and as a consequence the electrical efficiency is lower.
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5.2 Mixtures results

After the optimization of the pure fluids configuration, the focus has been shift on
configurations with binary working fluids. All the fixed parameters in the opti-
mization process and the genetic algorithm options are kept as defined in section
5.1. Similarly to section 3.4.3 the selected working fluids have been fixed for every
analysis and the mixture composition is described by means of the mass fraction
(z1) of the first component.

The obtained results are depicted in Table 5.5: the overall efficiency increase

have been calculated with respect to the best pure fluid among the two considered
in the mixture.

Table 5.5: Mixture results for the overall system optimization

Fluid 1 Fluid 2 High pressure  TIT 1 Peond Moveran Toimcrease
[bar] [°C) [bar]
Butane Ipentane 16,24 140,00 0,20 1,42 0,1148 0,69
Cyclohexane  Cyclopentane 4,61 140,00 0,84 0,21 0,1220 2,27
Cyclohexane  Hexane 4,39 140,00 0,59 0,22 0,1203 0,81
Cyclohexane  Thexane 5,01 140,00 0,55 0,25 0,1217 2,03
Cyclohexane  Ipentane 4,19 140,00 0,97 0,19 0,1212 1,55
Cyclohexane  Pentane 4,30 140,00 0,95 0,19 0,1216 1,89
Cyclopentane Hexane 6,42 140,00 0,31 0,35 0,1201 1,22
Cyclopentane Ipentane 10,56 140,00 0,58 0,75 0,1181 1,92
Cyclopentane Pentane 9,53 140,00 0,65 0,67 0,1169 0,36
Hexane Thexane 5,71 140,00 0,76 0,31 0,1191 0,34
Hexane Ipentane 5,92 140,00 0,93 0,30 0,1206 1,64
Hexane Pentane 6,18 140,00 0,86 0,32 0,1209 1,89
Thexane Pentane 8,04 140,00 0,76 0,48 0,1205 1,90
Thexane Ipentane 7,35 140,00 0,90 0,43 0,1203 1,77

From the tables it emerges that the introduction of binary working fluids lead to
an increment of the overall conversion efficiency between 0.34 and 2.27%. The best
increment is reached with a mixture of cyclohexane and cyclopentane (Noverani +
2.27%), but a similar result can also be achieved with cyclohexane and ihexane
(4+2.03%). The mixture of butane and ipentane (Nyperqn = 11.48%) is characterised
by a fairly high value for the condensing pressure (which is a positive parameter),
but at the same time the performance increment with respect to the configuration
using pure ipentane is not significant (+0.7%).

Comparing these results with the ones obtained in section 3.4.3 it appears that
in this case the performance gain obtained with the mixtures is lower. This can be
explained by several reasons. First of all the purpose of the optimization process
in the two cases is different: in the first analysis the the optimal solution was the
one that was able to extract as much power as possible from a defined heat source,
while here the purpose is to have an effective conversion and so to decrease the
irreversibility of the process.
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Secondly, looking at the results of section 3.4.3 it is easy to understand that the
performance increment due to the introduction of binary working fluid was mainly
related to the better match between the working fluid and the heat source in the
boiler which enabled either to reach higher values for the turbine inlet temperatures
and thus to increase the efficiency of the power cycle, or to decrease the pressurized
water boiler outlet temperature and thus to increase the amount of heat that the
power cycle was able to absorb from the selected heat source.

In this case, since the purpose is to reach high efficiencies for the power cycle,
the turbine inlet temperature reaches the maximum allowed value even with the
pure fluid configurations and the decrement of the pressurized water boiler outlet
temperature is not a positive factor (by decreasing this parameter the heat required
to heat up the water to its maximum value increases and therefore the overall effi-
ciency decreases).

As a consequence, since the turbine inlet is a fixed parameter and the temper-
ature profile does not change significantly (as shown in table 5.6 the water outlet
temperature for all the configurations using cyclohexane is around 135°C which is
the water outlet temperature of the pure cyclohexane optimized configuration) the
only benefit related to the use of mixtures is the decrement of the irreversibility in
the heat exchange process: as shown in Figure 5.4 and 5.5 the temperature differ-
ence through which the heat is exchanged is slightly decreased both in the boiler
and in the condenser.

Table 5.6: Mixtures results for the Solar field

Fluid 1 Fluid 2 Te My Nsolar Stot Whoiping ~ Wapee
°C)  [kg/s] m?) kW] [W/m?)
Butane Ipentane 130,85 8,19 0,7778 1078,88 0,93 91,83
Cyclohexane  Cyclopentane 135,52 10,10 0,7777 1008,68 1,58 97,57
Cyclohexane  Hexane 135,88 10,49 0,7777 1020,89 1,78 96,21
Cyclohexane  Thexane 135,69 10,24 0,7777 1010,04 1,65 97,38
Cyclohexane  Ipentane 135,69 10,29 0,7777 1014,52 1,67 96,92
Cyclohexane  Pentanc 135,78 10,32 0,7777 1011,05 1,68 97,24
Cyclopentane Hexane 135,14 10,00 0,7777 1024,16 1,56 96,12
Cyclopentane Ipentane 134,08 9,52  0,7778 1043,59 1,38 94,50
Cyclopentane Pentane 134,37 9,78 0,7778 1053,19 1,50 93,52
Hexane Thexane 135,35 10,22 07777 1031,94 1,67 95,29
Hexane Ipentane 135,18 9,99  0,7777 1020,08 1,55 96,51
Hexane Pentane 135,00 9,85 0,7777 1018,21 1,48 96,75
Thexane Pentane 134,59 9,64 0,7778 1023,22 1,40 96,36

Thexane Ipentane 134,88 9,83 0,7777 1023,70 1,48 96,24
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5.3 Pure Cyclohexane and Cyclohexane/Cyclopentane
comparison

The optimization process showed that the use of a mixture Cyclohexane/Cyclopentane
(0.84/0.16) leads to an overall efficiency 2.27% greater than with pure Cyclohexane.
Nonetheless the overall efficiency is not the only parameter that should be taken
into account to compare the two optimum configurations.

Table 5.7: Parameter comparison between the pure fluid and the mixture

Parameter =~ Unit  Cyclohexane Cyclohexane/Cyclopentane A%

My f kg/s] 1,35 1,30 -3,45
My kg/s] 10,61 10,10 -4,81
Wiping (W] 1,85 1,58 -14,75
Pcond [ba/r] 0,18 0,21 15,41
Stot [m?] 1028,71 1008,68 -1,95
Winet [EW] 98,15 98,42 0,28
Noverall 0,1193 0,1220 2,27
Wpec W/m?2] 95,41 97,57 2,27

Looking at table 5.7 it clearly appear that a primary factor that makes the mix-
ture configuration more efficient is the decrement of the pressurized mass flow rate
in the solar field (—4.81%) that enables to reduce the power absorbed by the solar
field by almost 15%. As a consequence, when the mixture is selected as working
fluid, both the net power production and the solar field surface decrease and so
the power plant is able to produce slightly more power (+0.28%) and with a lower
surface area (1009 m? instead of 1029 m?).

5.3.1 Economical considerations

A specific power production increment of 2% is not neglectable but at the same
time an economical evaluation of both the power plants should be made in order to
find out which one enables to have the lowest levelized cost of the electricity. Even
though it is not the purpose of this work to make a thermo-economic analysis, still
some comments can be made.

Since the investment costs for the power cycle pump and turbine will be very
similar (the two cycle operate with almost the same pressure ratio and mass flow
rate) and the same technology can be considered for the condenser (in both the
cases suitable precautions should be taken in order to avoid air leakages) the pa-
rameter that has to be analysed is the investment cost for the heat exchangers.

The cost of the heat exchanger is usually function of the required surface area,
but it is necessary to design every heat exchanger in order to define this parameter.
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Nonctheless some conclusion can be drawn by looking at the UA requirements of
the two configurations. The UA value of an heat exchanger can be calculate as:

g
AiTml

Where ¢ is the heat exchanged and AT, is the logarithm mean temperature,
given by:

UA

(5.15)

(Ty —tg) — (T — t1)
n (F=22)

ATm,l = (516)

Where:
e 77 and 75 are the inlet and outlet temperatures of the hot stream:;
e {1 and ty are the inlet and outlet temperatures of the cold stream.

The UA values and the other parameters of the various heat exchangers of the
two considered configurations are listed in table 5.8.

Table 5.8: Heat exchanger parameters

Cyclohexane Cyclohexane/Cyclopentane
q UA ATml q UA ATml
W] W/K] [K] | kW] [W/K] K]
Preheater 190 6849 27,74 | 194 6748 28.79
Evaporator 430 35483 12,11 | 423 39629 10,67
Superheater 20 1526 13,37 10 875 11,84
Condenser 538 37334 14,41 | 526 55133 9,53
Recuperator 96 7293 13,19 93 6923 13,41

As it can be noted in the previous table, when the mixture is considered the UA
requirement increases a lot for the evaporator and the Condenser (respectively +11
and +47%): this is related to the lower AT,,; trough which the heat is exchanged.
A lower value for this temperature difference obviously results in a decrement of
the irreversibility, but at the same time the increment of the required surface area
should not be neglected.

The UA value is given by the multiplication between the surface area and the
overall heat transfer coefficient (U). For a tubolar heat exchanger where the fouling
effects and the conductive resistance between the inner and the outer surface of the
heat exchanger are neglected, this parameter can be approximated to:

1
U= — (5.17)
he e

h; = convective heat transfer coefficient of the fluid flowing inside the tube;
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h, = convective heat transfer cocfficient of the fluid flowing outside the tube;

If the overall heat exchange coefficient can be considered as a fixed parameter an
increase of the UA value results in an equivalent increase of the heat exchanger re-
quired area. Nonetheless several studies have shown that mixtures are characterised
by lower values for the heat transfer coefficients [69] if compared to pure fluids and
thus the increment of the surface area required by the various heat exchangers will
probably be higher than the increment of the UA values.

Even though the investment costs for the heat exchangers will most probably be
higher for the mixture it should not be forgotten that the pure fluid configuration is
characterised by a higher extension of the solar field and by a lower power production
in design condition. As a consequence from an economic point of view is still not
clear which power plant would result more profitable; this could be assessed only
by means of a thermo-economic analysis.

5.3.2 Sensitivity Analysis

Many parameters have been fixed during the optimization process. It is therefore
interesting to find out how much they affect the overall efficiency and whether one
of the two considered configurations is more sensitive to any of those parameters.

The following sensitivity analysis considers as variable parameters the efficiency
of the turbomachinery (pump and turbine), the condensing water inlet temperature
and the boiler pinch point. All of them have been varied from -20% to +20% their
design value.

—-20 —-10 0 10
Turbine efficiency variation %

(a) Cyclohexane

20

2 20, 2 20
(- + =
+ +
= + =] o
2 .¢+ 9 ‘_0’
= | + = +
] I o =1 +
g 10 W~ E 10 i
= +* o +*
: ‘0’ : +"
= o = +*
[¥] + ] +
= 0 +* = 0 +*
2 e 2 o
o o = +*
s + = +
&= o = o
7] | L 7] +
—] 10 ,“ = —10 “‘"
— o3 +
i ‘t’ i +
o + o +*
- +* = o
S oo s}

|
b
="
(==}

10 0 10
Turbine efficiency variation %

(b) Cyclohexane/Cyclopentane

20

Figure 5.7: Configuration sensitivity to the turbine efficiency (a) Cyclohex-
ane (b) Cyclohexane/Cyclopentane

Looking at the results for the sensitivity analysis for the turbine efficiency (Fig-
ure 5.7) it appears that in both the cases the behaviour is similar: an increase of
20% in the turbine isentropic efficiency leads to an increase of almost 20% of the
overall efficiency and an equal decrement takes place when the turbine efficiency is
decreased.
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The pump cfficicncy has a very low incidence on the results: the maximum
variation is in fact within +0.2%. This can be explained by the different order of
magnitude of the produced and absorbed power (the turbine output is slightly more
than 100 kW, while the power absorption by the pump is roughly 1 kW). Similarly,
the variation of the boiler pinch point lead to performance variations within 1% (see
Figure 5.8).
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Finally the influence of the cooling water inlet temperature has been investi-
gated: from the following plots (Figure 5.9) it emerges that this parameter highly
affects the plant performance. An increment of 20% of this parameters (cooling
water inlet temperature 24°C') leads to an overall cfficiency reduction of almost 5%.

This result has to be taken into particular consideration: it is not always possible
to have high availability of cooling water in those locations where the installation of
solar power plants is profitable and as a consequence the efficiency of these technol-
ogy is often affected by the requirement of having an higher value for the condensing
temperature. Furthermore it should also be mentioned that the two configurations
show very similar behaviours with respect to all the considered parameters.
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5.4 Discussion

In this Chapter an overall solar power system composed of a parabolic trough solar
field and an organic Rankine cycle has been optimized in order to find out which
configuration enables to obtain the highest solar to electrical efficiency.

The target power output has been fixed to 100 kW and for the solar field an
outlet temperature of 150°C' has been considered. All the cycle performance param-
eters (pump and turbine efficiencies, pinch point temperatures and cooling water
inlet temperature) are the same considered for the low temperature case discussed
in Chapter 2.

For every tentative configuration the water solar field inlet and outlet tem-
perature have been calculated with the power cycle model and then the required
collecting area has been estimated discretizing the water temperature increase into
100 steps and using the regression model shown in section 4.5. In addition the
calculation of the pressure losses along the solar field enabled to estimate the power
required by the circulating pump and thus to evaluate the overall system efficiency.

A primary analysis considered only pure fluids as possible candidates and showed
that the all the most performing configurations are characterised by the maximum
allowed value for the turbine inlet temperature and that the most important param-
cter to be optimized is the power cycle cfficiency. The solar ficld cfficiency, defined
as the ratio between the heat released in the boiler by the heat transfer fluid and
the incident solar energy is almost the same for every configuration: this is proba-
bly related to the highly insulation of the considered solar field receiver and to the
relatively low temperature at which the pressurized water is heated up.

Another key parameter to be considered during the optimization process is the
temperature glide of the heat transfer fluid: lower values of this parameter enable
to release the heat at a higher temperature level and thus to increase the efficiency
of the power cycle. At the same time, configurations characterised by too low values
of the temperature glide require very high water mass flow rates and are therefore
penalised by high power absorption by the solar field circulating pumps. The most
performing systems show that a trade-off between this two phenomena is found with
a temperature glide between 14 and 17°C (similar values can be found in literature).

After the performance of the various pure fluid has been assessed, mixtures have
been analysed as possible working fluids for the power cycle. In this case the op-
timization process was carried changing the mixture composition (mass fraction of
the first component), turbine inlet temperature and cycle maximum pressure. The
obtained results show that the use of mixtures can lead to efficiency increments
between 0.3 and 2.27%. This performance increment is lower to the one obtained
in chapter 2, but can be explained by several reasons. In the previous case the
optimization aimed at extracting the maximum amount of power out of a given
hot stream and thus the use of mixture was beneficial from two points of view:
first it enabled to reach higher values for the turbine inlet temperature and so to
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increcasc the power cycle cffectiveness, and sccondly it allowed to further decrcase
the heat source outlet temperature and so to increase the overall heat absorption.
Here instead the turbine inlet temperature is always fixed to its maximum value and
decreasing the heat source outlet temperature doesn’t lead to performance gains.
As a consequence the use of binary working fluids results only in a better thermal
matching between heat source and power cycle and to reduced irreversibility in the
condenser.

The comparison between the best configuration using a pure fluid (Cyclohex-
ane Noyerall = 11.93%) and the best configuration using a mixture (Cyclohex-
ane/Cylopentane 0.84/0.16 Myyerqn = 12.20%) shows that the mixture leads to a
greater net power output (4+0.28%) with a lower solar field surface area (-1.95%).
From an economical point of view similar costs are expected for the power cycle
pump and turbine since both the configurations operate with similar mass flow
rates and pressure ratios. On the other hand the configuration using the mixture
is characterised by higher UA requirements for the heat exchangers, especially for
the evaporator (4+ 11%) and for the condenser (+47%) which will lead to higher
investment costs.

Both the configurations are characterised by fairly high values for the overall
solar to electricity efficiency, but this can be explained by two main reasons. First
of all the considered solar field technology is usually adopted for high temperature
solar plants and thus the heat losses are very low (with a less insulated absorber
and a lower optical efficiency of the collectors the solar field efficiency can decrease a
lot). Secondly, most of the existing CSP plant are equipped with an air condenser,
which further decreases the overall efficiency by increasing the condensing tempera-
ture and absorbing a not neglectable amount of power due to the fans consumptions.

Here only thermodynamic parameters have been taken into account, but in or-
der to find out which configurations is more profitable it would be necessary to
carry out a thermo-economic optimization where for every possible configuration
the investment costs and power production are evaluated so that to estimate the
levelised cost of the electricity.

In the end it is useful to point out that this analysis neglected the effect of the
pressure losses in the various heat exchangers. The introduction of this paramcter
in the optimization process would probably lead to configurations characterised by
higher temperature drops for the pressurized water in the boiler and thus to higher
performance gains for the mixtures.
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Chapter 6

Annual Analysis

Once that the performance of the pure fluids and mixtures have been compared in
the design case the focus is set on the overall power production that can be achieved
with the different configurations. The final aim of a solar power plant is produce
as much energy as possible out of the solar source and thus a power plant that is
highly efficient when the solar irradiation is high, but whose efficiency drops very
fast as the solar source decreases wouldn’t be preferred over another power plant
with a lower efficiency but less dependent on the solar irradiation.

Primary factors that affect the overall annual production of a power plant are
the minimum acceptable load (the minimum amount of power that it is able to
produce), the minimum required solar irradiation (power plants that are able to
operate with lower values of solar irradiation are preferable since they have lower
inactivity times) and the dependence of the plant efficiency on the solar irradiation
(as mentioned before, a plant whose efficiency decreases slowly with the load is
preferable).

Here the annual performance of the two most performing configurations com-
pared in the previous chapter is analysed so that to find whether the use of a mixture
in part load conditions leads to a different behaviour with respect to a pure fluid
configuration.

6.1 Part Load model

In order to asses the power cycle performance as the available energy source de-
creases it is necessary to build a part load model. While in the design model the
fixed parameters were the electrical output, the solar irradiation and the perfor-
mance paramcters of the various components of the power plant (the isentropic
efficiency of the pump and turbine, the pinch point temperatures and the environ-
mental conditions) in the part load case the fixed parameters are the size of the vari-
ous components (solar field, turbine, pump, electric generator and heat exchangers).

The effectiveness of the various components is no longer constant but has to be
estimated trough performance curves. The input values to the part load models will

79
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be the environmental conditions (Direct normal irradiation, ambicent temperature
and wind speed) and the desired output will be the electrical output of the power
plant.

6.1.1 Heat Exchangers

The heat exchangers are modelled in part load by means of UA values. The heat
exchanged in design conditions can be calculated as:

Qdes - (UA)desATml (61>

Where AT,,; is the mean logarithm temperature difference already defined in
section 5.3.1.

According to Patnode [68] the performance of a heat exchanger in part load
condition can be estimated with the following equation:

. . . 0.8 . 0.8
UA _ mg'g 7712'8 M des + My, des (6 2)
(UA)des 77.13"368 m(})LSdes 77‘12.8 + m28
The heat exchanger performance is therefore a function of the mass flow rate
of the two fluids (. and 1y, are respectively the mass flow rate of the cold and
hot fluids and the subscript des stands for design conditions). For the recuperator,

where the mass flow ratio between the hot and the cold fluid remains constant, the
previous relationship can be further simplified:

UA (e \*P (6.3
(UA>des B mc,des '

In part load conditions both the mass flow rates and the temperatures are ac-
cordingly changed so that to fulfil the following system of equations:

G = e Ahe
G = —ry Ahy, (6.4)
qg=UA AT,

In order to have higher accuracy in the calculations the boiler is subdivided into 3
zones: pre-heater, evaporator and super-heater, a single zone is instead considered
for the recuperator. In addition, with the purpose of obtaining a more precise
analysis of the two phase zone (especially for the mixture case) the evaporator is
further divided into 3 volumes .

6.1.2 Turbine

The turbine performance in off-design condition is modelled with the hypothesis
that the flow is chocked at the nozzle outlet. In this case the turbine mass flow
rate, inlet temperature and pressure ratio are related to each other by means of the
constant of Stodola [71]:
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.
Cr = ——=Xn (6.5)
'PIZH - P(;Zut

The mass flow rate trough the turbine in part load condition can be estimated
as follows:

\/ T%n,des Pl%l - Pozut (6 6)
VTin \/ P2 _ p2 '

m = ’Ihde s

in,des out,des

6.1.3 Pump
The part load efficiency of the pump is calculated with the following relationship
[72]:
Np = np,des(—0.168f3 —0.336f% 4+ 0.6317f +0.5669) (6.7)
Where f is the ratio between the mass flow rate in off-design and design condi-
tions.
6.1.4 Electric generator

The efficiency of the electric generator in part load is affected by the copper losses
which are variable with the load. As a consequence the efficiency drop of the genera-
tor is calculated with the following correlation suggested by Fredrik and Elmegaard
[73]:

Ngen,des Load
Tlgen.des Load + (1 - ngen,des)[(l - F('u) + Fey Loadz]

Ngen = (6.8)

Where Load is the mechanical input in per unit and F¢,, the copper loss fraction
in design condition (here assumed equal to 0.43).

6.1.5 Condenser

The condenser is modelled as a fixed pressure component: the idea is to have a
suitable control in the cooling circuit so that the condensing pressures can be kept
nearly constant.

6.1.6 Solar Field

In order to keep the overall system as high as possible during the part load opera-
tion it has been decided to keep the solar field outlet temperature fixed to 150 °C
and as a consequence the solar field part load model is modelled in order to fulfil
this requirement.

The solar field part load model is verified by mean of two steps process:
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1. Given the environmental conditions (DNI, ambient temperature and wind
speed) the organic Rankine cycle part load model is solved with a tentative
value of the pressurized water mass flow rate and this enables to calculate the
required solar field inlet temperature:

2. The absorber length is discretized into a finite number of elements and the
outlet temperature is calculated using equation 5.2 for each element (the con-
sidered solar field mass flow rate and inlet temperature are the ones estimated
at point 1);

The solar field part load model is considered solved when the calculated solar
field outlet temperature is equal to 150°C.

The pumping power required for the solar field pipelines is estimated as in the
design model (the hypothesis is to have an unitary efficiency for the pump).

6.2 Control Strategies

In order to solve the overall system part load model some control strategy has to
be defined. As already mentioned in section 6.1.6 for the solar field it has been
decided to keep the outlet temperature constant and to vary the pressurized water
mass flow rate accordingly to the available solar irradiation.

For the power cycle 3 different control strategies have been investigated:

1. Constant turbine inlet temperature: this control strategy aims to keep
the cycle maximum temperature at its highest values. The cycle efficiency is
strictly related to the maximum temperature of the working fluid and therefore
by keeping it at its design value the efficiency drop should be as low as possible;

2. Constant super-heating temperature: by using this control strategy the
cycle configuration is kept as close as possible to the one optimized for the
design case.

3. Constant solar field inlet temperature: in this case the solar field inlet
and outlet temperature are kept constant and thus the control of the solar
field mass flow rates is particularly easy.

6.3 Part Load results

As already mentioned the overall system performance are affected by several param-
eters: the available direct normal irradiation, the ambient temperature, the wind
speed, the tracking system orientation, the day of the year (n) and the hour of the
day (h). The purpose is therefore to find out an equation that correlates all these
parameters to the power cycle net output:

Wnet = f(DNI, Tomb, Vwind, tracking, n, h) (6.9)



6.3. PART LOAD RESULTS 83

Given the DNI, the tranking system, n and h, the collected solar cnergy per
square meter of solar field can be calculated as:

deollected = DNT TAM 003(0) (610)

and thus equation 6.9 can be simplified to:

vaef = f(QCollecteda Tamba Uwind) (611)

As a first analysis the ambient temperature and wind speed are kept constant
to their design values and the collected energy is progressively decreased. The Net
power decrement is calculated with respect to the design value:

WN et _ I’Vel - leiping
(Wnet>des (Wnet)des

The results, for the two considered configurations are shown in Figure 6.1
and 6.2.

Load = (6.12)
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Figure 6.1: Part load performance of Cyclohexane optimized configuration

In both the cases the most performing control strategy is to keep a constant
value for the turbine inlet temperature (different boiler temperature profiles for this
control strategy are shown in Figure 6.5). The mixture configuration seems able to
operate at lower loads: the minimum required collected energy for the mixture case
is 140 W/m? (load = 8%), while this value increases to 220 W/m? (load = 17%)
when pure cyclohexane is taken into account. This difference can be explained by
the fact that in the mixture configuration, when the load is very low, the cvapora-
tion process starts in the recuperator where some heat is recovered even from the
first stages of the condenser. On the other hand, the constant evaporation temper-
ature of the pure fluid leads to the violation of the pinch point in the saturation
point when the load is particularly low.

Looking at the other control strategies it emerges that keeping a constant value
for the super-heating enables to operate in a wide range of collected energies, but
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Figure 6.2: Part load performance of Cyclohexane/Cyclopentane optimized
configuration

that the corresponding load is always lower if compared to strategy 1. In this case
the mixture shows a greater value for the minimum required collected energy: this
is related to the lower temperature difference between the hot and cold streams in
the boiler that leads to faster decrement of the pinch point values.

The last considered control strategy (constant solar field outlet temperature)
is the more restrictive: the minimum required collected energy in this case are
respectively 640 and 680 W/m?. On the other hand, as shown in Figures 6.3 and 6.4,
this control strategy is characterised by higher efficiencies than the previous cases:
the decrement of the pinch point values enables to keep the effectiveness of the
power plant very close or even slightly higher than in the design case.
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Figure 6.3: Part load efficiency of Cyclohexane optimized configuration
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Figure 6.4: Part load efficiency of Cyclohexane/Cyclopentane optimized
configuration

The power plant behaviour for values of the collected energy greater than the
design one is here not taken into account since it is common practice in CSP power
plants to limit the maximum power production at the design value by increasing
the optical losses of the solar field during very high irradiation hours.

6.3.1 Influence of Ambient temperature

In order to estimate the influence of ambient temperature on the power cycle per-
formance 2 simulations have been carried out. In both the cases the analysed
configuration is the optimized cyclohexane solar system and the selected control
strategy is to keep a constant value for the turbine inlet temperature. The consid-
ered values for the ambient temperature are 15 (case 1) and 35 °C (case 2). The
obtained results, see Table 6.1, show that the influence of the ambient temperature
on the overall performance is neglectable: when the collected energy is higher than
500 W/m? the difference between the two cases is lower than 0.1% and even at lower
values of the collected energy the difference is always smaller than 0.3%.

6.3.2 Influence of Wind speed

As for the previous case, the influence of the wind speed on the overall performance
has been investigated by mean of two simulations. The selected values for this
parameters have been respectively 0 and 8 m/s. The results of Table 6.3 show
than even this parameter has very little influence of the part load performance: the
maximum difference is around 0.2%.
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Table 6.1: Influence of the ambient temperature on the part load perfor-
mance

Collected solar energy Load A%
Case 1 Case 2

[W/m?] 15°C 35°C

800 1,000 1,000 0,047
780 0,975 0,975 0,054
760 0,948 0,948 0,059
740 0,919 0,920 0,063
720 0,890 0,891 0,066
700 0,861 0,861 0,069
680 0,831 0,832 0,072
660 0,801 0,802 0,075
640 0,771 0,772 0,078
620 0,741 0,742 0,081
600 0,711 0,711 0,085
580 0,681 0,681 0,088
560 0,651 0,652 0,092
540 0,621 0,622 0,096
520 0,591 0,592 0,101
500 0,562 0,562 0,106
480 0,532 0,633 0,111
460 0,503 0,503 0,117
440 0,473 0,474 0,123
420 0,444 0,445 0,130
400 0,416 0,416 0,139
380 0,387 0,388 0,148
360 0,359 0,359 0,158
340 0,330 0,331 0,170
320 0,302 0,303 0,184
300 0,275 0,275 0,200
280 0,248 0,248 0,219
260 0,221 0,221 0,242
240 0,194 0,195 0,271

220 0,160 0,170 0,292
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Table 6.2: Influence of the wind speed on the part load performance

Collected solar energy Load A%
Case 1 Case 2

[W/m?] 0m/s 8m/s

800 1,000 1,000 -0,030
780 0,975 0975 -0,035
760 0,948 0,948 -0,038
740 0,920 0,919 -0,041
720 0,891 0,890 -0,043
700 0,861 0,861 -0,045
680 0,831 0,831 -0,047
660 0,801 0,801 -0,049
640 0,771 0,771  -0,051
620 0,741 0,741  -0,053
600 0,711 0,711  -0,055
580 0,681 0,681 -0,057
560 0,651 0,651 -0,060
540 0,621 0,621 -0,063
520 0,592 0,591  -0,066
500 0,562 0,562 -0,069
480 0,532 0,532 -0,072
460 0,503 0,503 -0,076
440 0,474 0473  -0,080
420 0,445 0,444 -0,085
400 0,416 0,416  -0,090
380 0,387 0,387 -0,096
360 0,359 0,359 -0,103
340 0,331 0,330 -0,111
320 0,303 0,302 -0,120
300 0,275 0,275 -0,130
280 0,248 0,248  -0,142
260 0,221 0,221 -0,158
240 0,195 0,194 -0,176

220 0,170 0,169 -0,190
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Figure 6.5: Boiler temperature profiles at different loads using the first
control strategy
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6.3.3 Minimum acceptable load

In the part load model the overall system is solved with different values for the
decision variables and the solution is considered acceptable when all the considered
equations are verified and the pinch point temperatures are not negative (the pinch
point is estimated for every calculation by subdividing the boiler into 30 steps plus
the saturation points).

On the other hand the minimum load for a power cycle is usually defined by
the minimum acceptable load of the various components, which is given by their
performance curves. For example, in well known software for large scale parabolic
trough power plants as SAM and Greenius the minimum allowed power output for
the turbine is usually between 10 and 20%. A similar value could be expected for
smaller scale turbines, like the one considered in this analysis. As shown in Fig-
ure 6.6 for the mixture case the turbine load goes below this limit (the minimum
calculated turbine load is 8.7%). In order to take into account this parameter, it
has been decided to fix the mixture turbine minimum load to 10% and 15% (160
and 200 W/m? of collected energy).

(]

0.8

0.6

Turbine Load ?

047
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Figure 6.6: Variation of turbine load in part load conditions (Mixture)

Another important parameter to be considered is the solar field mass flow rate,
its value decreases a lot during the part load operation and goes below 10% of the
design case, which is the solar field mass flow rate during night operation for large
scale solar power plants. Further analysis should be therefore carried out in order
to ensure whether the overall system could operate with such low mass flow rates.

6.4 Regression model

In order to perform a faster calculation of the annual energy production the part
load behaviour of the two power plants have been fitted with a regression curve
obtained with Data Fit 9.0. Since the influence of the wind speed and of the
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ambicnt temperature arc neglectable, the only paramecter that has been considered
for this regression model is the solar collected energy. The resulting best fitting
equation is a tenth order polinomial:

Load = az'® 4 bz® + ca® + da” + ex® + fa5 + gzt + ha® 4 iz + jz + E (6.13)

Table 6.3: Parameters of the regression curve

Parameter Configuration

Pure Fluid Mixture
2,1719E-27  1,6449E-27
-1,2246E-23  -8,1702E-24
3,0330E-20  1,7715E-20
-4.3509E-17 -2,2063E-17
4,0064E-14  1,7461E-14
-2,4751E-11  -9,1699E-12
1,0392E-08  3,2370E-09
-2,9282E-06 -7,6077E-07
5,3057E-04  1,1521E-04
-5,4586F-02  -9,0653E-03
2,4817E400 0,3171E+00

e L I =T s R o

6.5 Annual Simulation

Given the regression model for the part load behaviour of the two power plants an
annual simulation was performed using the weather data of Sevilla (Spain). The
analysis considered the two optimized configurations and both a north-south and a
east-west orientation for the solar field collectors. The results are shown in Table 6.4.

Looking at the results it emerges that the mixture configuration is characterised
by higher values of the annual production, especially when the turbine minimum
load is set to 10% and the solar field orientation is east-west (in this case the annual
production is 2.47% higher than in the pure fluid configuration and both the annual
efficiency and the specific production increase by 4.5%).

On the other hand when the north-south configuration is taken into account the
the overall production increase is equal to 0.95% (minimum load = 15%) and 1.56%
(minimum load = 10%). The overall efficiency and the specific production increase
by 3% when the minimum turbine load is set to 15% and by 3.58% when it is set
to 10%.

Analysing the results of the two different orientations of the solar field it can be
concluded that the highest productions are obtained with a north-south orientation.
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Table 6.4: Annual simulation results

Configuration Annual Annual Annual

Production Efficiency Specific production
[MWh] [EW h/m?]

North-South orientation

Pure fluid 221,37 8,95 215,19

Mixture (min load = 15%) 223,46 9,22 221,54

Mixture (min load = 10%) 224,83 9,27 222,89
East-West orientation

Pure fluid 174,81 7,07 169,93

Mixture (min load = 15%) 176,93 7,3 175,40

Mixture (min load = 10%) 179,13 7,39 177,59

As shown in Figure 6.7 this configuration enables to maximize the production during
the summer period when the irradiation is usually higher, but drops its effectiveness
during the winter month when the solar hight is lower and therefore the cosine
of the incident angle decreases. The resulting power production is therefore very
unbalanced and varies between 30 M W h in the most productive months (June, July
and August) and 5-10 MW h in November, December, January and February.

40

Production (MWh)

Figure 6.7: Monthly production with a north-south orientation of the so-
lar field (Cyclohexane/Cyclopentane optimized configuration with minimum
turbine load = 15%)

On the other hand the east-west configuration is characterised by a more bal-
anced power production profile and the monthly production never drops below 10
MW (see Figure 6.7). Nonetheless in this case the overall production is 20% lower
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and the productivity of the summer months decreases from almost 35 to 20AM W h.

Moreover, looking at the load duration curve of the two configurations (Fig-
ure 6.9) it emerges that with the north-south orientation the plant is operative for
about 3480 hours every year, while with the second option the operative time drops
to about 2700. This can be easily explained: with the east-west configuration the
production is concentrated around the solar noon (from 11.00 to 15.00), while this
range is highly increased with the north-south configuration (in summer the power
production takes place from 9.00 to 18.00). Evidence of this fact can be seen in
Figures 6.10 and 6.11 where Qg,; is the solar energy theoretically available (=
DNT Sior) and Qsor e 7f is the solar energy that participates to the energy balance
in the absorber (= DNI IAM cos(0) Nopt Stot)-
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Figure 6.8: Monthly production with a east-west orientation of the solar
field (Cyclohexane/Cyclopentane optimized configuration, min load = 15%)
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Figure 6.9: Load duration curve for Cyclohexane/Cyclopentane configura-
tion with minimum turbine load = 15% (a) North-South solar field orientation
(b) East-West solar field orientation
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Figure 6.10: Energy balances for three representative days for the mixture
configuration (minimum turbine load = 15%)
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configuration
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6.5.1 Influence of Design DNI

In all the previous calculation a design value of 800 W/m? was considered for the
direct normal irradiation. This value is one of the most commonly used in CSP
literature. Nonetheless it should be considered that the value of this parameter
greatly affects the overall productivity of the solar system and as a consequence
more detailed analysis would be required to estimate its optimum value.

As the DNI design value increases the plant becomes more efficient during those
hours characterised by high values of solar irradiation, but at the same time the ef-
fectiveness during low irradiation periods decreases. At the same time power plants
with higher values for the design DNI require lower surface area for the solar field
and as a consequence the investment costs decrease. A trade off between a higher
and morc constant productivity (low design DNI value) and lower surfaces of the
solar field and high efficiency during pick hours (high design DNI value) should be
therefore found.

In order to investigate the influence of this parameter on the developed model a
parametric analysis was carried out: the optimized configuration using cyclohexane
as working fluid was considered as case study and the analysed value for the design
DNI have been: 750, 775, 800, 825, 850, 875 and 900 W/m?. As depicted in
Figure 6.12 varying from the lower value to the higher the annual productivity
decreases from 228 MWh to 190 MW h and a similar trend appears for the solar
ficld surface arca (the maximum valuc is 1098 m? and the lowest 914 m?2).
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Figure 6.12: Influence of the design DNI on: (a) Annual production (b)
Solar field surface area

From a thermodynamic point of view the best solutions are those characterised
by the highest overall efficiency and with the highest specific productivity of the
solar field (annual production divided by the overall solar field surface area). Fig-
ure 6.13 shows that both this parameters reach their maximum for a DNI value that
is probably very close to the one considered in this analysis.

In the end it should be considered that the most performing power plant from a
thermodynamic point of view does not necessarily coincide with the most profitable
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onc and thus cven in this casc a thermo-cconomic analysis would be required to
define which design value for the DNI would lead to the lowest value for the levelized
cost of the electricity.
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Figure 6.13: Influence of the design DNI on: (a) Annual efficiency (b)
Specific production

6.6 Discussion

In this chapter the part load behaviour of the two optimized configurations de-
scribed in the previous chapter is analysed so that to estimate whether the use of
binary working fluids may lead to better annual performance.

In order to estimate the off-design performance of the two solar systems a part
load model is at first developed and then a regression curve is obtained so that to
reduce the computational time required to perform an annual simulation.

For the solar field it has been decided to keep its outlet temperature at the
design value and to vary accordingly the heat transfer fluid mass flow rate, for
the power cycle three possible control strategies are instead investigated. The first
considers a constant value for the turbine inlet temperature, the second a constant
super-heating temperature and the latter a constant value for the solar field inlet
temperature. The part load behaviour was analysed only for values of the irradia-
tion lower than the design one, since it is common practice in CSP power plants to
limit the power production at the design value by decreasing the optical losses of
the solar ficld during very high irradiation hours.

As a first step the behaviour of the two power plants was analysed with a vary-
ing value for the solar collected energy per square meter of solar field (Geoyected =
DNI TAM cos(0)). The results show that using the first control strategy the mix-
ture configuration is able to operate with lower values of the solar collected energy
(140 W/m? against 220 W/m?), but when the irradiation is very low the turbine op-
erates under its minimum acceptable load (here two possible values have been taken
into account: 10 and 15%). On the other hand, when the other control strategies
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arc analyscd it cmerges that the configuration that uscs a mixturce as working fluid
requires higher values for the minimum required solar collected energy and thus is
less effective than the pure fluid configuration. This is mainly related to a faster
decrement of the pinch point temperature that does not allow to reach low values
for the minimum load.

Secondly the effects of the ambient temperature and the wind speed have been
taken into account by means of a parametric analysis. The simulations showed that
variation of the ambient temperature from 15°C to 35°C' influenced the power sys-
tem load less than 0.3%. Similarly the variation of the wind speed from 0 to 8 m/s
lead to a load difference lower than 0.2% and as a consequence it has been decided
to neglect the effect of these two parameters in the annual simulation (the very low
influence of these two parameters is probably related to the high insulation level of
the considered absorber technology).

The annual simulation was carried out using the weather data of Sevilla (Spain)
and showed an overall annual production of 221.37 MW h for the pure fluid configu-
ration and of 223.44M W h for the mixture (for both the configurations a north-south
orientation of the solar field is considered and for the mixture the minimum turbine
load is set to 15%). This result amplifies the differences obtained in design case: as
already mentioned the mixture configuration is able to produce 0.28% more power
in design conditions and this value increases to 0.95% for the annual production.
Similarly the overall efficiency and specific production of the mixture increases from
the +2.27% (design case) to +3% (annual value).

The mixture configuration performance further increases when the minimum
turbine load is set to 10%: in this case the annual production reaches 224.83MW h
(+1.56%) and the overall efficiency increases by 3.58% with respect to the pure
fluid system. These results show that with the selected control strategy (constant
turbine inlet temperature) mixtures lead to performance improvement even during
the part load behaviour and that the relative percentage increment in the annual
parameters is strictly related to the minimum load accepted in the turbine.

At the same time it should not be forgotten that this result is strongly related
to the selected control strategy for the annual simulation. If any of the two other
control strategics is sclected then the overall performance of the mixture configu-
ration would decrease due to the higher values of the minimum required collected
solar energy.

Lastly a parametric analysis for power plant design DNI was performed: the
results show that the considered value of 800 W/m? enables to reach high values of
the overall efficiency and specific production if compared to lower and higher values
of this parameter. Nonetheless a thermo-economic analysis is suggested in order
to find out which value would lead to the highest net present value for the overall
System.
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Chapter 7

Conclusions

The purpose of this work was to better understand the behaviour of solar driven
power plants using mixtures as working fluids and to understand whether the in-
troduction of binary working fluids might lead to performance gains with respect
to the well known pure fluid configurations.

The primary screening performed in chapter 2 showed that the use of mixture
is more profitable in low temperature applications: when the heat source level in-
crease the benefits are lower and flammability /stability issues have to be taken into
account. If a 150°C heat source is considered the use of binary working fluid en-
ables to increasc the power cycle net output by almost 7% with respect to the best
performing fluid among the two considered in the mixture. Given this result it has
been decided to investigate the use of mixture in 100 kW parabolic trough solar
system suitable to supply electricity to a group of houses in a remote area.

From the optimization of the overall solar system it emerged that a primary
factor in the definition of the system effectiveness is the temperature glide of the
heat transfer fluid in the boiler: in all the best performing configuration this pa-
rameter ranges between 14 and 17°C. Configurations characterised by lower values
of this parameter are penalised by high power absorption for the circulating pump,
while the power cycle efficiency decreases when the temperature glide increases (the
temperature level at which the heat is absorbed in the cycle decreases and this leads
to lower efficiencies).

The introduction of binary working fluids in the overall system optimization
shows that the obtainable performance gain is lower if compared to the waste heat
recovery case. This is mainly related to the different purpose of the two technolo-
gics: in the waste heat recovery case the most performing plant is the onc that is
able to extract as much heat as possible from the selected heat source and to convert
it effectively into power, for the solar system, instead, the purpose is to perform an
efficient conversion of heat into power without decreasing too much the heat source
temperature. In this context the use of mixture leads to reduced irreversibility both
in the boiler and in the condenser, but is penalised by the lower temperature glide
of the heat source.
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The best performance is reached with a mixture of Cyclohexane and Cyclopen-
tane (0.84/0.16) which enables to increase the overall system efficiency by 2.27%
with respect to the pure Cyclohexane configuration. The comparison between the
two optimized solar systems shows that the use of this mixture leads to an increased
design power (+0.28%) and to lower surface of the solar field (-1.95%). From an
economical point of view the main difference between the two configurations lies
in the surface area required for the heat exchangers: a primary analysis shows in-
creased UA requirements for the mixture, especially for the condenser (+47%) and
for the boiler (+11%). Since the heat transfer coefficient for the mixtures are lower
than for the pure fluids even higher increment in the required heat transfer areas
are expected.

In order to assess the mixture behaviour in part load conditions an annual sim-
ulation of the two optimized power plant was performed using the solar irradiation
data of Sevilla (Spain). The obtained results show that the two configurations be-
have similarly, with the mixture system slightly improving its gains with respect to
the pure fluid due to lower values for the minimum required solar collected energy.
When the minimum acceptable turbine load is fixed to 15% the use of mixtures
leads an increment of the annual production of 0.95% and of the annual efficiency
of 3%, greater performance increment are possible with lower values of the turbine
minimum load. Anyway, a similar behaviour of mixtures and pure fluids configu-
rations has not to be taken for granted: as shown in chapter 6 the performance of
the mixture configuration is highly dependent on the selected control strategy and
thus every case should be analysed on its own.

From a parametric analysis on the design value for the DNI emerges that the
considered value of 800 W/m? enables to reach satisfactory values for the annual
efficiency. With lower values of this parameter the annual production increases but
at the expense of an increased solar field surface area, conversely lower surface area
are required when the design value of the DNI increases but this lead to lower an-
nual productions.

It should not be neglected that all the results presented in this thesis are sub-
jected to some inaccuracies: first of all the pressure losses of the various heat ex-
changers have been neglected (their introduction might penalize those configura-
tions characterised by higher valucs for the pressurized water mass flow rate and
thus increase the optimum value for the heat source temperature glide), secondly
the calculation of the pinch point location has been performed with a discretization
process which is associated with possible errors and lastly the genetic algorithm
itself does not guarantee that the real maximum is reached during the optimization
process.

In the end it is worth to mention that in this thesis all the configurations have
been analysed only from a thermodynamic point of view: a thermo-economic ap-
proach would most likely lead to different configurations and thus to different per-
formance gains for the mixtures.
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7.1 Recommendations for further work

This work represents only a fist step in the analysis of a solar power system using
mixtures as working fluids. Here some suggestion on how to carry out more detailed
analysis are listed:

1.

[

=~

The model should be improved with suitable models for the heat exchangers
so that to estimate the resulting pressure losses and the required heat transfer
area;

. An air condenser model should be included in order to make the overall system

suitable even for those locations where the water availability is not guaranteed.
The performance of this new component should be analysed even in part
load conditions with the aim of understanding how much the variation of the
ambient temperature affects the overall system efficiency;

. A screening of the possible heat transfer fluid should be done so that to un-

derstand which one is the most suitable for this application. In this thesis it
has been decided to consider pressurized water as heat transfer fluid due to
its high availability and low price, but it should not be forgotten that safety
hazard may occur in case of leakages in the pipelines. A possible candidate
could be Propylene glycol;

. Different technologies for the absorber and the collectors should be considered

and their influence on the overall performances should be evaluated;

. Mixtures with more than two components should also be considered as possible

candidates so that to understand if their introduction could enable to achieve
noticeable gains;

. New control strategies could be considered: for example it would be interesting

to set a minimum value for the heat transfer fluid mass flow rate and operate
with a variable solar field outlet temperature once this minimum value is
reached;

Some dynamic analysis could be carried out in order to asses how to overall
system responds to fast variations in the available direct normal irradiation;

. Finally a thermo-economic optimization is suggested, so that to understand

which configurations would be the most profitable from an economic point
of view. It would be of great interest to compare the results of the ther-
modynamic optimization with the ones of the thermo-economic approach.The
optimization might also include a thermal storage and consider different values
for the solar multiple.
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