THERMAL AND RADIATIVE ENERGY/ EXERGY
ANALYSES OF PARABOLIC TROUGH COLLECTOR
SYSTEMS

A Dissertation

by

Hayder Noori Mohammed Mohammed

Submitted to the
Graduate School of Sciences and Engineering

In Partial Fulfillment of the Requirements for
the Degree of
Doctor of Philosophy

in the
Department of Mechanical Engineering

Ozyegin University
August 2018

Copyright © 2018 by Hayder Noori Mohammed Mohammed



THERMAL AND RADIATIVE ENERGY/ EXERGY
ANALYSES OF PARABOLIC TROUGH COLLECTOR
SYSTEMS

Approved by:

Prof. Dr. M. Pinar Mengli¢, Advisor,
Department of Mechanical
Engineering

Ozyegin University

Asst. Prof. Dr.-Ing. Ozgiir Ertung,
Department of Mechanical
Engineering

Ozyegin University

Asst. Prof. Dr. Altug Basol,
Department of Mechanical
Engineering

Ozyegin University

Prof. Dr. Kursat Sendur,
Department of Mechatronics
Engineering

Sabanci University

Prof. Dr. Ali Kosar,
Department of Mechatronics
Engineering

Sabanci University

Date Approved: August 2018



This work is dedicated to my parents, to my wife, and to my flowers: Ayat,
Mujtaba, Mohammed Bager, and Ali for their support.



ABSTRACT

The concept of exergy is used to determine the maximum energy that can be
extracted from a system. It is based on both the first and the second laws of
thermodynamics and allows us to determine the irreversibilities throughout a process and
the losses from the system. In this dissertation, the fundamentals of spectral radiative
exergy are developed and applied to determine the maximum conversion of solar energy

in concentrated solar power (CSP) systems.

There are five primary objectives of this study. First, a new formulation is
developed for the maximum efficiency of the solar radiation conversion by considering
the radiative energy transfer between two surfaces at different temperatures for a constant
volume system. Exergy of spectral radiative transfer is determined, and the formulation
for the exergy efficiency maximization is presented in a direct and practical manner. For
the calculation of maximum efficiency, the mean temperature of the environment and the
sink temperature are used. Second, a new methodology is presented for spectral radiative
energy and radiative exergy calculations to evaluate the performances of CSP systems.
Spectral radiative properties and the operating temperature of selective surfaces, along
with the temperature of the environment, are considered in these analyses. The
fundamental quantities needed for the spectral radiative energy and radiative exergy
formulations are introduced, and then the spectral performances of five selective coatings
are assessed. The spectral analysis is performed in the wavelength range of 250 nm to
20,000 nm, while thermal analysis is carried out for the temperature range of 325 K to

800 K.

The third objective is to introduce a new approach for estimating the exergy value

of the monthly average daily horizontal global radiation, including several parameters,



such as the monthly average daily value of the horizontal extraterrestrial radiation, the
number of sunny hours, the day length, the mean temperature and the mean wind
velocity. Seven statistical parameters are used to validate the accuracy of all models. The
concept is applied to four locations in Iraq and Turkey, to help predicting the maximum

available solar radiation based on different weather parameters.

The fourth objective is to outline a comprehensive energy analysis for a parabolic
trough collector (PTC) system. The analysis considers all heat transfer modes, optical
components, and the details of spectral absorption and reflection of solar radiation on the
glass envelope. The energy performance of the PTC system is investigated using five
gases in an annular space, five selective coatings of the absorber surface, and four
common heat transfer fluids following a two-dimensional approach. A model is built
using Engineering Equation Solver (EES). The results obtained are compared against the
available results from experimental tests and analytical models. This analysis shows the
effects of the properties of the absorbing gas, the selective coating and the working fluid
on the energy performance of PTC as the key parameters of energy for various operating

conditions.

The fifth objective of the study is to establish a methodology to analyze PTC
systems using the principles of spectral radiative exergy. The fundamental relations for
spectral exergy analyses are derived starting from the first and second law of
thermodynamics, and the key performance parameters, including exergy losses,
destructions, consumption and efficiency are determined using the same parameters
mentioned above in the fourth objective. It is noted that the exergy destruction is directly
related to irreversibility throughout processes while the exergy losses are due to the
thermal and optical losses. Based on these findings, an improvement of PTC design

parameters are discussed.



OZETCE

Ekserji kavramu, sistemlerden ¢ikarilabilecek maksimum enerjiyi belirlemek icin
kullanilir. Bu kavram, termodinamigin birinci ve ikinci yasalarina dayanir, ve bir enerji
tiirlinlin bir igerine en etkin olarak doniisiimiinii belirler. Ekserji, bu sistemlerdeki

stirecler ve kayiplarin hesaplanmasina yardim eder.

Bu tez ¢alismasinda bes ana hedef vardir: Birincisi, sabit bir sistem icin farkl
sicakliklarda iki yiizey arasindaki 1ginimsal enerji transferi géz Oniine alinarak, 1ginimla
181 transferinin  doniislimiiniin - maksimum verimi i¢in yeni bir formiilasyon
gelistirilmistir. Maksimum verimin hesaplanmasinda radyasyon transfer kavraminin
ekserji, giivenilir sonucglarin elde edilmesi i¢in ortam sicakliginin ¢evre sicakligini
dikkate alinmalidir. Formiilasyon ekserji verimliligi maksimizasyonu daha dogrudan ve

pratik bir sekilde sunmaktadir.

Tezin ikinci amaci konsantre giines enerjisi (CSP) sistemlerinin performanslarini
degerlendirmek i¢in spektral (dalga boyuna bagli) 1smmimla enerji ve ekserji
hesaplamalari i¢in yeni bir metodoloji gerceklestirmektir. CSP analizlerinde spektral
1s1nimla 1s1 transferi 6zellikleri ve ortamin sicakligi ile birlikte segici ylizeylerin ¢alisma
sicakligr dikkate alinmistir. Burada once temel tanimlar verilmekte, ve bilahare iki gaz,
bes segici kaplamalarin spektral performansini degerlendirmek icin kullanilmigtir.
Birinci yaklasim icin, giines ve sogurucu yiizey iki kara cisim olarak kabul edilmistir.
Ikinci yaklasim, dogrudan giines spektral 1simmindan elde edilen verilere
dayanmaktadir. Spektral analiz, 250 nm ila 20.000 nm dalga boyu araliginda
gerceklestirilirken, 325 K ila 800 K sicaklik araliginda da termal analiz

gergeklestirilmistir.



Ucgiincii amag, atmosfer disindan gelen 151n1m miktarmin aylik ortalama giinliik
degeri, giin boyunca gergeklesen giinesli saatlerin sayist, giin sayisi gibi bir¢ok parametre
dahil olmak tzere, aylik ortalama giinliik yatay kiiresel radyasyonun ekserji degerini
tahmin etmek i¢in yeni bir yaklasim gelistirilmektir. Tiim modellerin dogrulugunu
onaylamak icin yedi istatistiksel parametre kullanilmistir. ki yeni modelin sonuglari,
diger modellerden elde edilen sonuclardan daha giivenilir bulunmustur. Irak ve
Tiirkiye'de dort yer icin yiiriitiilen bu ¢alisma, hava durumu parametrelerine dayanarak

giines 1s1niminin maksimum kullanilabilirligini tahmin etmekte yardimci olacaktir.

Dordiincii ve besinci amaglar, hali hazirda kurulu bir parabolik oluklu kolektor
(PTC) sistemi icin kapsaml1 bir enerji ve ekserji analizi gerceklestirmektir. Bu analizler,
detayli 1s1 transfer modlarini, optik parametrelerini ve gilines 1siniminin spektral
absorpsiyon ve cam zarfi ilizerindeki yansimalarmi dikkate alarak yapilmistir. PTC
sisteminin enerji ve ekserji performansi, iki boyutlu bir yaklagimi izleyerek, dairesel bir
boslukta bes gaz, bes secici kaplama ve dort 1s1 transfer sivisi kullanilarak incelenmistir.
Analiz modeli Mihendislik Denklem Coézicu (Engineering Equation Solver, EES)
kullanilarak olusturulmustur. FElde edilen sonucglar deneysel testler ve analitik
modellerden elde edilen diger sonuglarla karsilagtirilmistir. Bu analiz, gazin, segici
kaplamanin ve ¢alisma akigkaninin PTC'nin enerji ve ekserji performansi lizerindeki
ozelliklerinin enerji ve ekserji parametrelerinin g¢esitli ¢alisma kosullarinda etkilerini
gostermektedir. Bu analizler, ilerde benzeri PTC sistemlerinin daha etkin tasarimi ve

operasyonu i¢in kullanilabilecektir.
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NOMENCLATURE

Area, m?

Accommodation coefficient; Universal constant, a =7.5646 x 10'® J m= K*
Geometric factor,

Interaction coefficient,

Concentrating ratio; constant

Speed of radiation in a vacuum, ¢ =2.9979 x 108 m s’!

Specific heat at constant pressure, J kg K!

Diameter, m

Energy, W m™

Specific energy, J kg!

Exergy, W m

Focal length, m; shape factor

Geometric factor

Friction factor,
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CHAPTER 1
INTRODUCTION

1.1 Solar Energy

One of the current challenges in today’s world is to find alternative and renewable
energy sources to meet growing global energy demands [1, 2]. At the same time, there is
a pressing need to protect all our resources which naturally puts more emphasis on energy
efficiency. The Sun is the obvious source for energy, yet its effective use requires
advanced technologies, including energy conversion and storage systems, which need to
be further advanced to be compatible with solar energy requirements [3]. The amount of
solar energy that arrives at the surface of the Earth every hour is greater than the total
energy consumed by the world population over the entire year [4]. The solar energy flux
incident on the Earth’s surface can be further enhanced by using concentrating
technologies, which utilize more sophisticated materials [5]. It is obvious that any effort
to use solar energy will have a long-lasting impact to the energy problem we face, and
the CSP systems are among the best candidates to achieve the goal of clean and

renewable energy at many parts of the World.

1.2 Concentrating Solar Power Systems

In future applications of solar energy conversion, new technological
improvements are necessary [1]. In the CSP systems, after solar radiation is incident on
a surface, it is partially is absorbed by the spectrally selective surfaces. This thermal
energy is transferred to heat transfer fluid at high temperature, which is then used in

conventional power cycles based on steam or organic fluids to generate electricity [2].



To concentrate solar radiation, most systems use glass mirrors, which continuously
follow the path of the Sun [3]. A schematic of one of these systems is a PTC system as

shown in Figure 1.1.

Sun

Figure 1.1 Schematic of PTC system.

When using CSP plants for electricity generation and for heating/cooling, its
components and subsystems in the power plant should be considered in tandem to
optimize the conversion of the solar energy to other energy forms [4]. In CSP systems,
the incident solar radiation can be concentrated on a receiving surface to achieve twenty
to one hundred times of the influx of Sun’s energy. This enhanced radiative energy is
transferred to a heat transfer fluid (HTF) in an absorber tube [5]. The thermal energy
obtained at high temperatures is usually used for electricity generation through
conventional conversion processes. Thermal power plants use thermodynamic cycles,

such as a Rankine cycle, which is a heat engine.

One of the most important parts of the solar plant is the PTC, that is a parabolic
trough collector. The fundamental principle governing the capturing of solar energy
states that when the radiation from the sun hits a PTC, a tracking mechanism is operated
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to rotate the PTC and follow the sun. Aluminum or thin silver coatings are generally
applied to the mirrors. Their reflectivity is mainly dependent on the surface properties,
which is also affected by the decomposition, the growth or polishing process during
installation. Aluminum has an 88% reflectivity, whereas silver can have 98% reflectivity

[6, 7].

Concentrating solar radiation reduces the surface area of the absorber with respect
to the aperture area, thereby generating a temperature of approximately 400°C at the wall
of the absorber [8]. An absorber is usually covered with a solar evacuated glass envelope
to deal with the energy loss to the ambient. The absorber is fabricated from materials
with high thermal conductivity, such as aluminum or stainless steel. It is coated with a
selective coating for high absorption within the range of the solar radiation wavelengths.

Figure 1.2 gives an example of the receiver and the reflector.

Figure 1.2 Receiver and reflector for PTC system (This project is at the campus of Adnan
Menderes University, Aydin, Turkey, which was built with the help of the
European Union FP7 BRICKER project and manufactured by Soltigua of

Italy).



1.3 Motivation for the Dissertation

Global energy consumption has been increasing more rapidly than the population
growth. Moreover, the use of fossil fuels causes a significant amount of CO2 emission to
the atmosphere, which exerts a negative influence on the climate change problem [9].
Therefore, exploring alternative energy sources, systems, and technologies for
sustainable development is important to find substitutes for conventional energy sources
and thus to mitigate their negative effects [10]. In addition to their ecological benefits,
renewable sources present valuable economic alternatives in the long run. Many areas of
the world have abundant and free solar energy [4]. Solar energy is more dominant than

all the other renewable energies and the energy generated from fossil fuels, combined

[6].

However, it is important to determine the economical viability of any CSP
system. This necessitates to determine how much work potential is available from solar
radiation and what fraction of it can be extracted as useful work. Although several studies
have discussed the maximum radiative efficiency, none of these studies have reported an
approach that includes the temperature of the environment in energy terms in order to
obtain an expression for maximum efficiency. Also, one of the major obstacles for the
maximum efficiency expressions given by Spanner [11] and Jeter [12] is that they
consider a piston-cylinder system to verify their results. Since most real systems are not
represented by piston-cylinder models, significant uncertainties may result in the actual

application of the available exergy models.

In CSP systems, or in any solar energy system for that matter, spectral analysis
of radiative transfer is essential. Such spectral analysis should also be extended to exergy

calculation methodologies. In order to quantify the ability of a surface to convert



absorbed spectral solar energy to other forms of useful energy, we must introduce the
concept of spectral radiation exergy. None of the previous studies have considered the
impact of spectral radiative properties when analyzing a spectral selective surface. In
addition, the temperature difference between a selective coating surface and the
environment is usually much less than the temperature difference between the Sun and
the environment. Proper use of the environmental temperature is needed to determine the

maximum spectral radiative efficiency, which has not been done to date.

For solar radiation absorption estimations in CSP systems, empirical models
cannot be used reliably because of their low accuracy and their neglect of changing
weather conditions. The daily mean temperature, and daily mean wind velocity are the
two parameters of weather that play an important role in predicting the energy and the
exergy of global radiation and should be accounted for in the analysis. In energy analysis,
the reflected radiation on the outer surface of the absorber and the inner glass surfaces
are usually neglected. In addition, the effects of radiation transfer between the receiver,

the reflector and the sky are omitted. A new analysis should include these details as well.

Finally, although exergy analysis has been extensively conducted in studying the
performance of a PTC, no studies are available for evaluating exergy performance,
including the details of all components. In addition, the effects of modern working fluids,
selective coatings of the absorber, and gases in the annular space are not considered.
Moreover, most analyses used for PTC are usually based on one-dimensional models.
Limited research exists on comprehensive two-dimensional analyses, which considers

pressure drop in the HTF, or PTMx types of PTCs.



1.4 OQutline of the Dissertation

Following, is a brief outline of the Dissertation. In Chapter 1, a general review of
solar energy and concentrating solar power technologies are presented. The reasons for

studying the energy and exergy approach in solar systems are also outlined.

The literature review is given in Chapter 2. Several approaches are investigated
for the calculations of the maximum energy that can be extracted from a system
efficiency. The exergy concept is used to assess the quality of system. Most studies are
available in the literature which discussed in the performance of the selective coatings,

prediction of global solar radiation, and the energy and exergy PTC models.

Chapter 3 outlines a new formulation of maximum efficiency derived by
considering the radiative energy transfer between two surfaces at different temperatures
for a constant volume system. The exergy of the system, which can be produced by a
change in internal energy and entropy, can be transformed into useful work. Maximum
efficiency can be determined by using the definition of efficiency based on the second
law of thermodynamics. The formulation for the exergy efficiency maximization is
presented in a direct and practical manner. The change in internal energy due to radiation

transfer is also considered.

Chapter 4 presents a new methodology for radiative energy and radiative exergy
analyses that include the effect of spectral radiative properties for different coatings. In
the literature, the spectral radiative exergy analysis of selective surfaces has not been
carried before. Furthermore, in most analyses, only the energy emitted from a source
such as blackbody radiation is discussed and most analyses omit the energy emitted from
the sink in the calculations. This omission can be justified only in cases where a relatively

small temperature difference exists between the selective coating surface of the absorber



and the environment. The work presented here provides the necessary foundation to
advance the understanding of the concept of quality when converting solar energy into

useful work.

Chapter 5 presents a new approach for estimating the exergy value of the monthly
average daily horizontal global radiation, including many parameters, such as the
monthly average daily values of the horizontal extraterrestrial solar radiation, the number
of sunny hours, the length of the day when the sun is shining, the mean temperature, and
the mean wind velocity. These data obtained for four locations in Iraq and Turkey. The
results of such an analysis help in predicting the maximum availability of global solar

radiation based on detailed weather parameters.

In Chapter 6, the presented model is investigated to analyze radiation and
convection heat transfer in an actual PTC system. The model is applied to a specific solar
field of PTMx-36 concentrating solar collectors at the campus of Adnan Menderes
University, Aydin, Turkey, which was built with the help of the European Union FP7
BRICKER project [13]. This project was coordinated by Acciona of Spain, and the PTC
system and PTMx-36 solar collectors were manufactured by Soltigua of Italy [14]. The
Turkish part of the project was coordinated by the Center for Energy, Environment, and
Economy (CEEE), Ozyegin University, Istanbul, and the project was carried out with
CEEE, along with Onur Energy, Izmir, and Adnan Menderes University, Aydin, both in

Turkey.

The energy analysis considers the solar radiation received by all components of
PTC, including the absorber and the glass envelope. The performance of the PTC system
is conducted using a two-dimensional model with detailed correlations. Moreover, the

model employs detailed spectral reflective properties of coatings and the temperature-



dependent values of radiative emissivity/absorptivity. These details are considered to
provide practical results to specify the actual performance of the PTC system under

working conditions.

In Chapter 7, the model introduced in Chapter 6 is used to gives a comprehensive
exergy analysis based on a two-dimensional approach. The exergy analysis considers the
solar radiation received by both the absorber and the glass envelope. The key
performance parameters, including exergy consumption, losses, destructions and
efficiency, are evaluated. Moreover, different operating parameters are considered using
a two-dimensional approach, including five gases in the annular space, five selective

coatings of absorber surfaces, and four working fluids, for various operating conditions.

Finally, the findings of this dissertation are summarized, and the

recommendations for future studies are presented in Chapter 8.



CHAPTER 11
LITERATURE REVIEW

2.1 Energy and Exergy

One of the evaluation criteria for the performance of thermal processes is the
exergy analysis. Along with the energy analysis, exergy calculations provide a clear and
highly effective understanding of the performance of a system. The quantity of system is
obtained by energy approach, whereas the exergy approach can be evaluated by the
quality of the system. Exergy analysis cannot substitute the energy analysis, but it
considers a significant approach as a complementary tool to determine the useful work
and unrecoverable losses, that can lead to improve the system. When analyzing such
systems, exergy analysis is highly appropriate for studying the quality of the conversion

of solar to thermal energy

In such complex systems, the concept of exergy is employed to determine the
maximum energy that can be extracted from a system based on the first and the second
laws of thermodynamics [15]. Exergy is directly related to irreversibilities throughout
processes and the losses from the system [16]. Along with energy analysis, exergy
calculations provide a clear and highly effective understanding of the performance of a

system [17].

2.2 Availability of Solar Radiation

There are various approaches to specify the availability of solar energy which are
based on the second law of thermodynamics and the entropy/exergy analysis [12, 18-22].

However, exergy transfer by thermal radiation has still not been formulated in detail and



unambiguously for complicated systems. Heat transfer textbooks usually take into
account heat transfer by three modes conduction, convection, and radiation, but these

procedures do not adapt into consideration exergy transfer from solar energy.

The analysis of solar radiation by using the exergy approach has the potential to
show how much energy can be converted to work effectively [23]. Petela [18]one of the
original researchers who outlined the formulation for the exergy of heat radiation. He
expressed that the ratio of exergy to energy from radiation is directly proportional to the
exergy of a substance and its temperature. He also briefly highlighted the potential

applications of the impact of radiation energy on exergy analyses.

Parrott [19] presented the analytical upper bound expression for the efficiency of
solar energy conversion. In this case, the theoretical expression for optimum useful work
from solar energy was computed with respect to the directional solar radiation. Jeter [12]
has demonstrated the optimal conversion of solar power and evaluated the performance.
The solar radiation is assumed to be constant, and the exergy of the systems was
computed accordingly. He also showed that the steady flow rate was constrained by the

constant temperature value used in the analysis.

When all the exergy is properly converted to work, it is possible to reverse the
work flow; then, it is possible to obtain the optimum extraction work from the
thermodynamic viewpoint. Gribik et al. [20] presented a controversial analysis for the
second law of solar power conversion by drawing conclusions on the correct expression
resulting from Spanner. Based on this method, he proposed a generalized thermodynamic
expression. With the reflection taken into account, the fall in exergy efficiency due to the

atmospheric scattering was also presented.
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Wright et al. [21] presented a concise and simpler analysis of the problems to
explain the concept of exergy analysis when dealing thermodynamic systems where the
radiative heat transfer is dominant through the use and proper application of the general
exergy balance equation. The results show that Petela’s thermodynamic approach, which
is applicable for the exergy flux of blackbody radiation (BR), provides the upper bound
performance for the conversion of solar radiation (SR) through (BR) estimation. Petela
[22] also derived an expression for the study exergy of solar radiation for three groups
and discussed the details. The formulation was improved for the understanding of exergy
analysis of solar radiation and included the discussion of the formulas by the Petela,
Spanner, and Jeter with analysis of thermal radiation under specific conditions. Their
proposed expressions relied on models that involved a system of radiating surfaces on

which emission and absorption were occurring.

2.3 Exergy of Selective Surfaces for CSP Systems

To utilize concentrated solar energy, a receiver or absorber tube is fabricated from
steel which is covered with a spectrally selective coating; this coating must have high
absorption capabilities for irradiation within the solar spectrum [2]. The transport
phenomena in these complex systems is dominated by the radiative heat transfer, which
necessitates a more thorough analysis than the conventional approaches. CSP systems
are expensive, and any small improvement in their performances can easily be justified
[6]. Here, we present a new analysis based on the definition of spectral radiative exergy.
As we show below, this approach can allow us to evaluate the radiative performance of

the coatings of the CSP mirrors in a more clear way.

For CSP systems, the most critical spectral range for the absorption of solar
radiation is between the wavelengths of 300 nm to 2500 nm. As expected, the maximum
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absorption can be obtained by a blackbody [6, 24]. However, for the maximum efficiency
of a CSP system, we do not want the tubes to emit energy at longer wavelengths.
Therefore, the emissivity of these surfaces at longer wavelengths should be very low.
This can be obtained by using spectrally selective surfaces. For a typical surface used in
a practical CSP system, the power gain is always less than that for an ideal selective
surface [25]. Preferred surfaces should have high reflection particularly at wavelengths
greater than 2500 nm to ensure that the infrared absorption/emission is low, which yield

reduced energy loss and exergy destruction [6].

Radiative exergy was originally formulated as an expression for an arbitrary
spectrum of electromagnetic radiation by Karlsson, who applied it to a blackbody [26].
Candau proposed an optimal efficiency expression for convertible solar radiation and
applied it to a simple grey surface [27]. A detailed formula was introduced by Petela to
determine the radiative effectiveness of a grey surface [28]. Wien et al. derived an exergy
formula by using statistical thermodynamics, demonstrating that it corresponds to an

expression based on classical thermodynamics [29].

Spectral radiative analysis of the selective coating surface is important when
researching these materials to achieve higher absorptivity in solar radiation wavelength
range, and higher reflectivity in the infrared range, thus decreasing emission losses. A
large body of research studies is available about coatings used in CSP systems [30-34].
Several studies have investigated potential improvements in the performance of selective
coating properties, such as optical and energy efficiency, durability against
environmental conditions, cost of materials and operational stability at a range of
temperatures [35, 36]. Some attempts have also been made to develop efficient coatings

that remain stable at temperatures of more than 450°C [37, 38], while Zheng et al.
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demonstrated the importance of the volume fractions of layers to optimize the
performance [39]. Ning et al. developed a novel coating which has high absorptivity and

low emissivity at 500°C [40].

Using a spectral beam splitter approach, Hu et al. have performed radiative energy
and radiative exergy analyses to determine the optimal wavelength and operating
temperature for selective coatings [41]. Using the same approach, exergoeconomic

analysis has been applied to combined systems [42].

2.4 Global Solar Radiation Exergy

In solar power plants, the local solar radiation data are significant in designing a
solar energy conversion system. The averages of hourly, daily, and monthly measured
solar radiation are mainly available from many national agencies and can be considered
in the analysis [43]. However, such detailed data remains scarce because of the high
initial and running costs of weather stations and the restrictions due to local variations
[44]. The solar radiation data may also be questionable if the solar energy systems are
built far away from the measurement stations [45]. For solar radiation estimations, many
studies have used alternative solutions to obtain different empirical models based on the

available data [46].

In the literature, several empirical models to obtain global solar radiation have
relied on the horizontal extraterrestrial radiation, the number of sunny hours, and the day
length, without taking into account other parameters of weather such as the environment

temperature and the wind velocity.

One of the first solar radiation models was developed by Angstrom [47], which

was linear in nature. Prescott subsequently modified the empirical model of Angstrom
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for more details [48]. For Turkey, the empirical coefficients of the Angstrom—Prescott
model were reported by Tiris [49]. Page presented the coefficients of a linear model,
which could be applied anywhere on the Earth [50]. Ogelman and Ecevit correlated in a
second-order polynomial form [51], and later Akinoglu and Ecevit obtained a solar
radiation model for Turkey using a second-order polynomial equation [52]. A third
polynomial model was developed by Bahel [53]. Later Samuel estimated the empirical
coefficients of Bahel’s equation for Sri Lanka [54]. We must also mention that the only
paper for calculations of the exergy value of solar radiation was based on the Angstrom-

Prescott approach and was given for Turkey [55].

2.5 Energy Approaches of CSP Systems

The ultimate goal of a small-scale CSP plant is to maximize the conversion of
solar energy to thermal energy [8]. The thermal energy obtained at high temperature is
then used for direct and indirect applications. Direct applications include industrial
heating and air conditioning systems, and indirect applications include conversion

processes for electricity generation systems based on a thermodynamic cycle [10].

A small-scale solar plant with ORC was previously studied when the performance
of the solar ORC system for different types of working fluids for single- and dual-stage
system architectures were considered [56]. Also, a performance analysis was presented
for a solar-powered ORC system with a compound parabolic collector based on off-
design conditions [57]. A novel small-scale configuration scheme was proposed for CSP
with built-in ORC for industrial applications [58]. On the basis of simulations,
performance evaluation was conducted for a solar power plant with two different cycles,
based on oil or steam as a working fluid [59]. Another study was compared between
different models of solar collectors. Where water, steam or molten salt was used as a
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working fluid. However, thermal oil is so far the most widely used fluid, as reported in

[5].

Given the fluctuation in the solar radiation, building a collector field that can
produce more energy than the capacity of turbine under normal conditions is important.
The surplus of the energy entering the turbine can be channeled to charge the storage
system. This system can be used as the energy source provider when solar radiation is
deficient [60]. Several studies reported details for improvements in the performance of
the spectrally selective coating surface, such as efficient solar- thermal conversion,
resistance against environmental conditions, cost of coatings and stability at operating

temperature [6].

Researchers have shown that the performance and the thermal stability for new
coating can be improved above 450°C [37, 61]. A number of other studies suggest the
association of coating, thereby showing the importance of the volume fraction of
particles in layers in optimizing the performance of selective coating surface [39].
Investigators recently examined a novel coating and found high absorptance and low

emittance at 500°C [40]. Which is very important for spectral performance of coating.

The objective of a PTC is to convert solar energy to thermal energy and channel
it to HTF. The performance of any HTF depends on the equilibrium of energy between
HTF and the surroundings [62]. The analysis of a PTC system is performed in two steps.
The first step is the optical analysis to compute radiation gain and optical losses. The
second step is the energy analysis to deliver useful energy and energy losses. In optical
analysis, the optical performance of all components of a PTC system is evaluated. Under

ideal case, the incident solar radiation should be totally absorbed by a receiver.
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However, in actual status, the receiver does not absorb all incident solar radiation
due to several factors, such as tracking operation, geometric imperfection and because of
the real optical properties of surfaces. Thus, the optical analysis is necessary to calculate
the optical efficiency, which is defined as the ratio of solar energy that reaches the
receiver to the incident on the collector [63]. For energy analysis of the PTC, the absorbed
energy by HTF and the energy losses from a heat collector element (HCE) to the
surroundings need to be determined [2]. The energy balance model has two main parts.
One is the advantageous heat as a useful energy to working fluid, and the other is

disadvantageous heat as an energy loss from a HCE.

The National Renewable Energy Laboratory approach is commonly used in
studying the performance of PTC system [64]. Wang presented a well-detailed literature
survey on commonly used solar collectors and highlighted their respective applications
[65]. A comparative analysis on the benefit and drawback of collectors is firstly
performed [66]. A system model for the analysis of heat transfer in a PTC system was
also proposed and used to validate the experimental results with the theoretical results
[67]. The underlying mathematical model for a PTC system is developed so that the
system performance can be evaluated and system parameters can be defined. A graphical
user interface built using the VB.NET software tool is also employed to control these

parameters and observe their impact on the PTC system performance [68].

Another work was evaluated the thermal and optical efficiencies of PTC solar
field on the basis of instantaneous data collection. Results reveal a significant
improvement in optical efficiency [69]. Several studies have assessed the performance
of PTC, but certain drawbacks are associated with the published methodology [2, 5, 62,

67].
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2.6 Exergy-Based Methodology for CSP Systems

The exergy analysis can have a crucial purpose when analyzing CSP systems in
specifying the ability of the systems to convert solar energy into other forms of useful
energy. In the literature, one can find a number of studies PTC systems; the most relevant

ones will be briefly highlighted here.

In one of these studies, the use of nanoparticles (carbon nanotubes) within the
working fluid (Therminol-VP1) as a nanofluid is explored [70]. Using a computational
fluid dynamics (CFD) approach, the exergy efficiency of PTC was determined for
different wind velocities was found to be inversely proportional to the wind velocity [71].
Another study has explored the importance of the concentrating ratio and operating
conditions for PTC performance optimization; the CFD approach is used to determine
optimum conditions [72]. Two other studies reported the exergy performance of PTC and

discussed the advantages and drawbacks associated with using nanoparticles [73, 74].

Performance analysis was also presented for a solar power system based on
supercritical carbon dioxide used, and various design and operating conditions were
considered [75]. Using the same working fluid, the analysis was also expanded to
different values of pressure and temperature [76]. Another work was performed the
energy and the exergy analyses of a PTC system to examine the experimental results
against the theoretical results [77]. Several models based on the energy and exergy
analysis have been considered, including a comprehensive approach for the analysis and
evaluation of a PTC receiver by considering conduction, convection and radiative heat
transfer in tandem. The mathematical model was validated with existing data results and
applied to assess the thermal performance of a PTC system [78]. In another study, a
comprehensive thermal model for the exergy analysis and the evaluation of a PTC
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receiver was discussed recently by considering liquid (Therminol-VVP1) and gas (air) as
heat transfer fluids (HTFs). This model was validated against the available results from
the literature and used to evaluate the performance analysis of the PTC. The results
showed that exergy destructions were more significant in the liquid case, whereas the

exergy losses were more valuable in the gas case [79].

Another work evaluated the performance analysis in terms of the energy and
exergy efficiencies of PTC using a genetic algorithm. These efficiencies at the output of
the system were optimized based on the average temperatures of the working fluid and
the absorber wall. The exergy efficiency was found to be proportional to these parameters
[80]. A detailed exergy performance analysis of the combined thermal power plant was
investigated using Rankine and organic Rankine cycle (ORC) coupled with a PTC
system. Seven distinct refrigerants were considered in evaluating the exergy
performance. The results showed that the refrigerant R134a had the optimum exergy
performance, followed by R152a. However, the refrigerant R600a presented the lowest

exergy performance for the combined cycle system [81].

Kalogirou et al. presented a brief literature survey on the exergy analysis of solar
thermal systems, covering the types of solar collectors, solar thermal system, and their
respective implementations and processes [82]. Parameters, such as inlet temperature,
mass flow rate, and solar irradiance with or without vacuum in the annulus space in the
presence of wind, were used to evaluate system performance. Results showed the system

considered, the effects of wind speed and mass flow rate were relatively small [83].

The hourly solar radiation to evaluate the performance analysis of CSP systems
is important for the calculation of the exergy efficiency. Usually, the exergy efficiency

is determined at the output of the system using the inlet temperature. The parameters
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used in the performance evaluation increase with the increase of solar intensity [84]. A
detailed analysis based on the energy and exergy performance of a direct steam
generation system with a PTC was presented and validated against the experimental

results, and the optimum design parameters were investigated [85].

In the literature, a novel configuration has been proposed for small-scale CSP
with a built-in ORC in industrial applications. This configuration is built by feeding the
power block, which is used for charging the thermal storage unit. It considers all factors,
including the meteorological aspects of the site, the constraints due to the control
operations, and a realistic load profile. The findings reveal that the direct feeding storage
configuration is more reliable in terms of storage size compared with the conventional
configuration. Moreover, the exergy and energy efficiencies of the thermal storage
system improve with the decrease of solar radiation. The energy and exergy efficiencies
are degraded to increase in incident solar radiation; however, the performance of the

system can be improved by transforming waste heat into a heat source [58].

Alternative designs were considered for the configuration of the heat collector
element, to improve the performance of a PTC system, including a novel cavity absorber
for a PTC [86]. The model was validated against the experimental results, and found that
the bulk temperature of the HTF could reach 570 K. Another study proposed a new
design of a PTC based on pump and thermosiphon systems. The design was
experimentally examined, and the performance of PTC was assessed by estimating the
energy and exergy efficiencies. The maximum exergy efficiency was found for 70°C

[87].
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CHAPTER 111

SPECTRAL ENERGY AND EXERGY EXPRESSIONS
FOR RADIATION TRANSFER

3.1 Radiative Energy

Radiation intensity is characterized by the rate in which emitted energy in the way

per unit area normally does this orientation and per unit solid angle as [6]:

= 4
dAcosd,sin6,dd,de

3.1)

where / is the radiation intensity expressed as the rate of radiant energy emitted in (6.,
as) per area normal to the direction and per unit solid angle about this orientation. g is the
rate of radiant energy, d4 is the differential area element of the surface, the zenith angle,
0- is the angle formed by incident ray and the surface normal, o is the azimuth angle, as

shown in Figure 3.1.

One of the assumptions made in most solar radiation analyses is that scattering
and absorption can be neglected in the medium between the sun and the receiving surface

[20], meaning that the solar intensity remains constant until it is incident on a surface.
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Figure 3.1 Radiation incident on a surface [6].

Radiative energy incident on a surface is defined as [6]:
dq .
dE:d—A: | cosé,sin6,d6,der, (3.2)

If the radiation is isotropic, then the radiation intensity is constant in any direction. In
this case, the integration of radiative energy over a hemisphere above the surface point

can be computed by the following equation [6]:

27 7wl2 27 w2

E=[dE=] [ Icosg,sing,do,de, =1 [ cosd,sin6,do,de, =17 (3.3)
0 0 0 0

A universal constant can be calculated by [88]:

51,4
- f;:—skhs —7.5646x107 (I K %) (3.4)
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where, ¢ is known as the speed of radiation in a vacuum, # is the Planck’s constant, and
k is the Boltzmann’s constant. Thus, the Stefan—Boltzmann constant can be expressed in

terms of this universal constant and the speed of radiation in vacuum [88],

o=-ac (3.5)

3.2 Relation between Internal Energy and Radiation Entropy

In internally reversible processes, the differential expression of the second
principle of thermodynamics in a closed system is the sum of the energy radiation and
energy of bodies, which is assumed to remain constant. This expression is also known as

the Gibbs equation [88]:
TdS =dU + pdV (3.6)

where T, S, U, p, V represent to the temperature, the entropy, the internal energy, the

pressure, and the volume, respectively.

The change in entropy can be obtained by dividing the Eq. (3.6) on the

temperature as:

du + pdVv
ds = &=+ PAY. 3.7)
T
The internal energy as a function of temperature and volume can be considered
as follows:
U=f(TV) (3.8)
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The partial derivative of the internal energy can be applied to a change in the

entropy equation, and it can be written as:

dszitﬁj dT +1(@j av + PV (3.9)
Tlar ), Tlav), T

The entropy equation can be applied at constant volume:

ds :E(QJdT (3.10)
TleT

For the radiation of a black surface, a certain amount of energy at constant volume,
undergoes a small change in energy oU. Hence, from equation above, the change in

entropy can be computed [88]:

5 _
ouU

(3.11)

=~

The entropy includes all the entropies of the monochromatic radiations, and because the

types of rays are separate from one another, the entropy can be obtained by equation [88]:

5S =j‘”vasdv=vj°°§5udv=§vj°°5udv=§au (3.12)
0 0 ou ou 7o ou

where Osdv indicates the infinite change in the entropy of the radiation that confines
modes with frequencies between v and v + dv. Equation above consists of the change in

energy. By substituting Eq. (3.11) into Eq. (3.12), it can be given as:

1
= 3.13
o ou T (3-13)

23



The integration of entropy intensity over all angles can be calculated as [20]:

27 w2 27 7wl2

S=[ds=[ [ Lcosg,sin,do,da, =L | [ cosd,sin6,d0,da, =Lx (3.14)
0 0 0 0

where L is the entropy intensity.
3.3 Expression of Maximum Efficiency for Solar Radiation

The exergy of a system, which depends on the energy and entropy, can guide us
to determine the transformation of available energy into useful work. The maximum
efficiency can be achieved based on the definition of efficiency provided by the second
law of thermodynamics. In a closed system, the expression for the exergy of blackbody
radiation at a constant volume can be determined by the exergy definition of a substance,

which is given by the following equation [88]:
Ex=(E-E,)-T,(S-S,) (3.15)

The reference state of radiation exergy occurs at the environment temperature,
which is zero at the dead state. Therefore, E,, T,, and S, are system properties at the
reference state. The exergy equation of solar radiation is applied for the source at 7" and

the sink at 7,; and it can be demonstrated for constant volume, as shown in Figure 3.2.
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Ta

Constant Volume

Figure 3.2 Schematic to discuss the exergy content of constant volume.

The spectral radiative energy density is computed by the Planck Law in terms of
frequency or wavelength, as shown in Eq. (3.16) below [6]:

B 8zhvé/c?

U, =——
v gV g

_ 8rxhc/ A°

or Uy = hA/KT) 1

( (3.16)
e

where v is the frequency. The energy density can be computed by integrating Eq. (3.16)

in term of frequency as:

8 = 8rhvd/c?
U = J.O ub’VdV = J.O m dV (3 17)
Let X= m dx = 1 dv
kT kT
87k T* = x3dx e* 2
u= by dividing on ¢€* and it can note that =)e™
c’h’ -[0 e* -1 Y 8 1-e* nZ:;‘
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87K T & pe 5 o
:WZ;L x%e ™ dx (3.18)

Integration by parts method I fdg = fg —j gdf

87rk4T4 =6 8zk'T* 2" 8r%k'_,
— = Z T 3.19
c’h’ nZ‘ n* ¢*h® 15 15¢°h° (3-19)

The universal constant can be computed by Eq. (3.4). Thus, the energy density can be

obtained as:
u=ar* (3.20)

The spectral radiative entropy density in terms of spectral radiative energy density

and frequency is obtained by [89]:

k 3 3 3 3
s, = Uy, I:(]”L 8rhcv jln[l+87zhcv j_(&zhcv jln[&rhcv J:| (3.21)
’ hV ub,v ub,v ub,v ub,v

A similar expression can also be written in terms of spectral radiative energy density and

wavelength [89]:

Aku
5, =2l 8ZrhC inl 14 8zhc 8;zhc In 8;zhc (3.22)
‘ hc AUy, A%u, , AUy, AUy,
The integration of spectral entropy density gives:
3 3 3
u,,C
S= I S, AV —% % +1|In| 1+ Brhcv —In 8z dv (3.23)
0 87rhv Uy, U,y

Substituting Eq. (3.16) in Eq. (3.23), the expression of entropy density can be written as:
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s=80i3k va{(ﬁn_lﬂjm(uemvmﬂ ) In (1/( (i) 1))1}dv (3.24)

Eq. (3.24) can be simplified, and the following equation can be obtained:

87k (hv/kT
-3 {[0 (hvikT) _[ v In( ~(hvikT Jdvi| (3.25)

c

Let x=m dx=idv
KT KT
87k T? x3dx 2
=5 [jo o _j In(1-e" )d} (3.26)

= Ze’"x , we obtain:

N . . e
By dividing the first part of the integral on e* and noting Lo+
—€

_8”kT {ZJ‘ xe ™dx — 'f x? In 1-e )dx} (3.27)

ch?

Then, it can be integrated by parts method as:

87k T3 | (& 6 1& 6
o)

Thus,

k4T3 4 4 5k4 1 4

=87[3 3 LA 87[3 3 T I3 |2 %aT0 (3.29)
c’h 15 45| 15c°h 3 3

The spectral energy intensity (/5,) and the spectral entropy intensity (L) for

black surface are used to determine spectral exergy intensity. Both energy and entropy

intensities can propagate in a given direction per unit of area, per unit of solid angle and
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per unit of frequency. The corresponding blackbody radiation energy and entropy
intensities are obtained by multiplying the spectral energy density (us,v) and the spectral
entropy density (spv) by (¢/47) [20]. Spectral energy intensity and spectral entropy
intensity, can then be written as:

Cu,,

I
b,v
A

and L, =—> (3.30)

The spectral energy (E»,) emitted by black surfaces at different temperatures can

be determined using:
Eb,v:ﬂ-(lb,v_lb,a,v) (331)

The spectral exergy (Exp,v) of the selective coating surface, in terms of frequency,

can be determined by the following equation:

EXb,v = ﬁ[(lb,v - Ib,a,v) _Ta(Lb,v - Lb,a,v)] (332)

The spectral exergy-to-energy ratio is a useful parameter to help understanding
the maximum conversion of solar radiation. This ratio is called the maximum spectral

efficiency and is defined as:

_ EXb,v _ (Ib,v B Ib,a,v) _Ta(Lb,v - Lb,a,v)
Eb,v ( Ib,v - Ib,a,v)

Vi (3.33)

From the definition of exergy to energy ratio, the formula for the maximum efficiency of

the black surface can be derived and computed by integrating Eq. (3.33):

l// _ J‘“C (Ib,v - Ib,a,v) _To(Lb,v - Lb,a,v)dv — j30 (C / 47[)((ub,v _ub,a,v) _To (Sb,V - Sb,a,V))dv (3 34)

0 (Ib,v - Ib,a,v) ° (C/4ﬂ-)((ub,v _ub,a,v))
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The integration of Eq. (3.34) is obtained by Substituting Egs. (3.20) and (3.29) in Eq.

(3.34), the maximum efficiency can be obtained as:

4
a(T* -1, )—_aT,(T°-T; 3_T3
B U ; AL Ta)) 539

This ratio is named “maximum efficiency” as it corresponds to the theoretical maximum,
based on the second law of thermodynamics. In addition to the present approach, there
are three main expressions for calculating maximum efficiency can be used to estimate
maximum work from solar radiation such as Petela, Spanner, and Jeter, are compared in

the next section.

3.4 Validations and Comparisons

Several models that comprise a cylinder-piston system have been used to analyze
the maximum efficiency of solar radiation. However, concerns regarding the use of these
models for validation are raised because of uncertainties in their actual applications. In
addition, the change in the internal energy of radiation should be considered. In this
Chapter, we give considerable attention to the system that includes a radiation source and
an absorbing sink at a constant volume. This system undergoes a reversible process from
the initial state to the final state (dead state), including a change in internal energy. The
exergy of the system, which can be produced from a change in internal energy and
entropy, can be transformed into useful work. Thus, the development of this model is
doubtless, and the formula obtained using it can be considered for investigation. The
validation of these analyses are utilized to assess the advantages, or obstacles, of the
following two concepts: (1) The comparison of four formulations for maximum radiation

efficiency, and (2) The effect of operating conditions on maximum efficiency.
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3.4.1 The Comparison of Four Formulations for Maximum Radiation Efficiency

The ratio of radiation exergy to radiation energy is determined using the formulas

presented in Table 3.1, and are compared in the Figures 3.3 and 3.4.

Table 3.1 The four formulations of maximum radiation efficiency presented by various
researchers [11, 12, 18, 22].

Maximum
Researcher Input Output Efficiency
- - 11\ 4T,
Petela Radiation energy | Radiation exergy 1+-| 2| - -2
3\T 3T
. 4T,
Spanner Radiation energy Absolute work 1- 3T
-
Jeter Heat Network pf a heat 1-ta
engine T
.o .o 4’(TaT3 _Ta4)
Present Approach | Radiation energy | Radiation exergy 3 (T - 4)
a

All the comparisons are focused on the ideal conversion of solar radiation into
work. Although the use of several approaches is valid, doing so will prevent comparison
with a perfect estimation of thermal radiation exergy. The difference between the
formulas of Petela and Spanner emerges because Spanner’s formula considers absolute
work at maximum availability. The formula of Jeter is derived as the maximum efficiency
for the conversion of thermal radiation into work using Carnot efficiency and assuming

that the surface of the sun and the surface of an environment are directly in contact.

For maximum efficiency, the values are calculated using the four expressions
provided in Table 3.1, and are plotted in Figure 3.3. The variations between Jeter’s
maximum efficiency formula, which considers heat transfer via conduction and
convection, and the other expressions, which consider heat transfer via radiation, are

presented. It is clear that, the maximum efficiency associated with radiation heat transfer
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is consistently less than the maximum efficiency related to conduction and convection
heat transfer. That is, the losses caused by radiation heat transfer are higher than those
caused by other modes of heat transfer because energy transfer via radiation is
proportional to the fourth power of the temperature. For example, at a radiation
temperature of 2000 K, the efficiency with radiation effect is less than 6.3% of the
efficiency without radiation effect. As shown in Figure 3.3, the models proposed by
Petela, Spanner, and the current work exhibit highly similar behavior because these
approaches deal with the effect of radiation heat transfer. By contrast, Jeter’s approach

only focuses on conduction and convection heat transfer modes.
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Figure 3.3 Comparison of the maximum efficiency values of radiation exergy.
3.4.2 The Effect of Operating Conditions on Maximum Efficiency

The purpose of various operating conditions was to specify the effect of each

parameter on maximum efficiency. Figure 3.4 shows the effect of environmental
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temperature on maximum efficiency. It is clear that an increase in ambient temperature
reduces maximum efficiency. However, maximum efficiency is fully increased when

radiation temperature increases.
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Figure 3.4 Effect of environmental temperature on maximum efficiency.

The theoretical explanation for exergy destruction and maximum efficiency as a
function of radiation temperaturee, is shown in Figure 3.5. Maximum efficiency
increases exponentially from 60% at 1000 K to 85% at 2500 K. Then, it increases
gradually until it reaches 93% at 6000 K. By contrast, exergy destruction percentage
decreases dramatically from 40% at 1000 K to 15% at 2500 K. Thereafter, it declines
steadily to 7% at 6000 K. The maximum efficiency and exergy destruction percentage
exhibit dissimilar trends because a reduction in exergy destruction is considered as a gain

in maximum efficiency.
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Figure 3.5 Effects of radiation temperature on maximum efficiency and exergy
destruction.
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CHAPTER 1V

RADIATIVE ANALYSES OF SPECTRALLY-SELECTIVE
SURFACES FOR CSP SYSTEMS

4.1 Radiative Properties of Spectrally Selective Surfaces

Spectral radiative properties are used to describe the behavior of materials which
have been subject to electromagnetic waves at different wavelengths. The suffix -ivity is
added for the properties of ideal surfaces, the suffix -ance is used for real properties at a
constant temperature, which are defined for an isothermal layer and may depend on layer
thickness [6]. These properties are necessary for the analysis of the optical efficiency of
CSP systems.

Here, we present a more detailed analysis and includes the effect of environmental
temperature, the spectral absorption/emission of the coatings, and operating temperature
to determine the radiative energy and exergy efficiencies of a system. An ideal selective
absorber must have maximum absorptivity within the wavelength range of solar
radiation, i.e., 250 nm to 2500 nm. For an opaque material, the portion of the incident
radiation that is not reflected is transmitted through the surface and then absorbed by a
layer that extends below the surface.

Spectral directional absorptance can be expressed in terms of spectral directional

reflectance (p(4,6)) for opaque materials according to Kirchoff’s law [6]:
a(4,0) =1-p(4,0) (4.1)

Coating spectral emittance (¢(4,T)) depends on the wavelength of the radiative

energy and the temperature of the outer surface of the absorber.
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e(AT)=a(AT) 4.2)

Details of energy and exergy analyses for selective coating of CSP systems, are

given in the following sections.
4.1.1 Radiative Energy Analysis

In a CSP system, solar radiation is reflected and concentrated on a receiving
surface by the reflector. A significant portion of this radiation absorbed by the coating on
the receiver, the remaining is reflected. The absorbed portion is considered as useful
radiative energy. The thermal system (heat engine) receives energy from the surface of
the absorber (thermal receiver), which is partly converted to useful work, and the
remainder is transferred to a low-temperature sink (thermal sink). The radiative energy
balance of radiation incident on a selective coating surface is presented in Figure 4.1.

The wavelength range of solar radiation is 250 nm to 2500 nm, the thermal
radiation emitted from the surface of the absorber above is 3000 nm; which represents
the infrared segment of the electromagnetic wave spectrum [6]. Consequently, selective
coatings should have high absorptivity within the solar radiation wavelength range, and

low emissivity in the infrared electromagnetic spectrum.
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Figure 4.1 Schematic of radiative energy flow for a CSP system.

Spectral radiative energy gain is the energy flux transferred to the power system

(heat engine) at a specific wavelength, determined by the following equation:

E = Eabs,ﬂ - EI,A (43)

gain, A

where, Equin 15 the spectral radiative energy gain, Euss, 1S the spectral absorbed radiative
energy, and Ej; is the spectrally emitted (lost) radiative energy.
Assuming that the source of radiation is a blackbody at T=5800 K, the absorbed portion

of spectral blackbody radiative energy can be determined as:

27hc?a(A)

Eass. =B s0(4) = W

(4.4)

The total absorbed portion of blackbody radiative energy can be expressed after

integrating Eq. (4.4) over all wavelength, as:
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Eus = | B, @(A)d 2 =aoT (4.5)

For CSP systems, the solar spectrum (Eui;2) with a concentrating ratio (C) can be
applied to determine the amount of spectral radiative energy input to the system (Ei,1).

Then, the equation that describes the spectral absorbed radiative energy becomes:

E.s» =CEy, (1) =E, ,a(4) (4.6)
After integration, the total absorbed portion is determined as:

E. =CEq | @(2)d2=aCE,, =aE, (4.7)

where Ey;» is direct solar radiation on earth, which is assumed to be 900 W/m? [90].
Spectral radiative energy loss emitted by a selective coating surface can be

defined at a specific wavelength as:

27hc?e(A
E.= Eb,zg(ﬁ) = 1 ()

W

The total emitted radiative energy loss is computed by integrating Eq. (4.8) over the entire

(4.8)

wavelength range:
E =, E,s(A)dA=e0T" (4.9)

Spectral radiative energy efficiency is the ratio of spectral radiative energy gain

to the spectral radiative energy input at a specific wavelength. It can be defined as:

Ton g = 2 (4.10)
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Radiative energy efficiency, over the entire wavelength spectrum becomes:
o = —2 4.11)

where Eguin and E;, are total radiative energy gain and radiative energy input, respectively.
4.1.2 Radiative Exergy Analysis

Exergy analysis is based on the conditions of the environment and the state of the
system. To analyze the spectral radiative exergy of a surface, we assume that the surface
is coated with a thin layer of selective coating. Spectral radiative exergy can be expressed

as:

Ex = EXps , —EXy, (4.12)

gain, 4

where, Exgain. 1S the spectral radiative exergy gain, Exass,. the spectral absorbed radiative
exergy and Exg, the spectral emitted radiative exergy destruction.

The spectral radiative exergy of the absorbed portion can then be determined by
multiplying the spectral radiative exergy of a blackbody by the absorptivity at a specific

wavelength:

EXaps, 2 = EXy ,ax(A) (4.13)

The total radiative exergy of an absorbed portion is calculated by the integration of Eq.

(4.13), over the wavelength spectrum becomes:

Exes = |, EX, (A= [ v,E, ,a()d A =yaoT! (4.14)
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On the other hand, for a typical CSP system in a real situation, the radiative energy
input (Ein) and maximum radiative efficiency (), can be used to determine the radiative
exergy input to the system as:
EX,, = CExy, =CyEy, =y, (4.15)

The spectral radiative exergy of the absorbed portion of can be determined as:

Exabs,/l = CEXdir,Aa(/l) =Cy, Edir,ﬂa(ﬂ“) (4.16)

The total absorbed radiative exergy can be computed by integration of Eq. (4.16) over

the entire spectrum:
EXs = [, C¥,Eur ,(A)d 2 CEy, [ w,a(2)d A +paE, (4.17)

Part of the absorbed radiative exergy is destroyed because of emissions from the

absorber surface, which is expressed as:
Ex, , =€(1)EX, , (4.18)

To obtain the total radiative exergy destruction (Exs), Eq. (4.18) should be integrated over

the entire spectrum:
Ex, = j:’ Ex, ,&(A)dA = j:’ w,E, ,&(A)dA = peoT* (4.19)

Spectral radiative exergy efficiency is the ratio of the radiative exergy gained by
the absorber surface to the radiative exergy of the captured solar radiation, at a specific

wavelength:
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Ex .
gain 4 (4.20)
Exin,l

nex,l =

The integration of spectral radiative exergy efficiency over the entire spectrum yields:

EX i (4.21)
nex - EX- .

n

These fundamental concepts are applied to practical systems in the next section by
studying the radiative properties of five different coatings extensively used for CSP

systems.

4.2 Properties of Different Coatings Used for CSP Systems

In this Section, five different spectrally selective surfaces and coatings using the
fundamental radiative exergy analysis presented above. We determine their spectral
radiative energy and radiative exergy efficiencies and compare their performance for CSP
systems.

One of the most commonly used commercial coatings for CSP systems is named
Black Chrome (Cr—Cr203), fabricated by the electrodeposition method. Its substrates are
Ni, Fe, Cu and stainless steel [64, 91, 92]. Another commercial product is Luz Cermet
(Mo-Al203 Cermet on Ni and Al substrates) which has limited durability when exposed
to air at operating conditions [64, 92]. The third coating, manufactured by Solel, is an
attempt to produce an improved absorber, the Universal Vacuum Collector (UVAC) [93].
The UVAC has two samples, A and B, and is composed of a multilayer Al>Os-based
Cermet but with no Mo [36]. The last selective coating material considered is
manufactured by the National Renewable Energy Laboratory (NREL). It is a complex

material with the code name NREL-6A [37, 38]. The spectral reflectance values of the
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five selective coatings are shown in Figure 4.2. Note that the profile for an ideal selective
coating is also shown here. The temperature-dependent, radiative properties of these

coatings are listed in Table 4.1.

1.0 —
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’ =O= UVAC B (Kennedy and Price, 2005)
== NREL 6A (Kennedy, 2008)
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0.0 v —r—r—TTr| + ————rrrr
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Figure 4.2 Spectral reflectance of the various selective coatings [37, 38, 94].

Table 4.1 The optical properties of several selective coatings at different temperatures
[35, 37, 38, 64].

New
Commercially Available Coatings Prototype
by NREL
Black Luz UVAC
Chrome | Cermet | (Al203 Cermet) NREL
Cr- Mo-
Function Al,O3 | Test-A | Test-B 6A
Cr203
Cermet

Absorptance o
| 0.916 | 0938 | 0954 | 0.935 | 0.959
Emittance €
25°C 0.081 | 0.061 | 0.052 | 0.069 | 0.018
100°C | 0.109 | 0.077 | 0.067 | 0.084 | 0.022
200°C | 0.146 | 0.095 | 0.085 | 0.103 | 0.031
300°C | 0.183 | 0.118 | 0.107 | 0.125 | 0.047
400°C | 0.220 | 0.146 | 0.134 | 0.150 | 0.071
450°C | 0.239 | 0.162 | 0.149 | 0.164 | 0.087
500°C | 0.257 | 0.179 | 0.165 | 0.178 | 0.104

41



Previous analyses have focused on radiative properties at a relatively constant
temperature [64, 95, 96]. In this Chapter, emittance as a function of the receiver surface
temperature was given, in the form of a second-order polynomial fit; as shown in Table
4.2. This functional form allows more flexibility when studying the performances of CSP

systems.

Table 4.2 Emittance expressions of selective coatings.

Selective Coatings Equations of Emittance as a function of temperature in

°C
Cr-Cr,03 0.0718+0.0004t — (1E —9)t°
Mo-Al,O3 Cermet 0.0587 +0.0001t + (2E — 7)t*
UVAC (Al203 Cermet) 2
Test-A 0.0495+0.0001t + (2E — 7)t
UVAC (Al203 Cermet) 2
Test-B 0.0655+0.0002t + (1E — 7)t
NREL-6A 0.0189—(2E —5)t + (4E - 7)t°

4.3 Results and Discussion

To assess the performance of specific selective coatings of surface absorbers in a
CSP system, spectral and thermal analyses, for both radiative energy and radiative
exergy, were carried out using the expressions given in the preceding sections. The results
of these analyses are used to evaluate the merits, or demerits, of the following three
concepts: (1) The spectral analysis based on the theory of blackbody and direct normal
solar radiation data, (2) The spectral analysis of the selective coatings of surface

absorbers, and (3) The thermal analysis of the selective coatings of surface absorbers.

4.3.1 Spectral radiative analysis of blackbodies and solar radiation

Spectral radiative analysis can be implemented by using two blackbodies, one at

the temperature of the sun (T=5800 K), the other at the operating temperature of an
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absorber in CSP systems (T=700 K). The results of this spectral analysis are presented in
Figure 4.3. Spectral radiative energy, spectral radiative exergy and the maximum spectral
radiative efficiency can be computed by application of the equations presented above in
the radiative energy and radiative exergy analyses of spectrally selective surfaces.
Results are shown in Figure 4.3 reveals that the radiative exergy is always
lower than radiative energy, which implies that converting all radiative energy to useful
work is not possible, as expected. The maximum radiative energy and radiative exergy
for the first blackbody at temperature of T=5800 K were achieved in the visible
wavelength region, while for the second blackbody (T=700 K), they are in the infrared
region. Exact values of the corresponding peak points are determined from the Wien Law,
Apeak=2874.6/T where T is the absolute temperature of the blackbody. Losses caused by
emitted radiative energy and radiative exergy are, therefore, predominantly in the
infrared region. For this reason, the maximum spectral radiative efficiency decreases

from 94% in the visible region to 85% in the infrared wavelength region.
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Figure 4.3 Spectral radiative energy, spectral radiative exergy and maximum spectral
radiative efficiency corresponding to two blackbodies at T=5800 K and
T=700 K.
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Direct normal solar spectral radiation data were used to calculate radiative energy
and radiative exergy. The radiative exergy of the spectrum is obtained via maximum
radiative efficiency at a specific wavelength; again, as expected, radiative exergy is
always lower than radiative energy at a given wavelength. Figure 4.4 shows the results
obtained from the spectral radiative energy analysis and the radiative exergy analysis of

the direct normal solar spectral radiation.

The radiative exergy profiles can be used to assess how much of incident
radiative energy can be converted to useful work. Radiative properties of selective
coatings change according to wavelength. An optimum profile of these coatings is needed

to decrease radiative exergy destruction and to maximize the spectral radiative efficiency.
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Figure 4.4 Spectral radiative energy and spectral radiative exergy of the direct normal
solar spectrum and blackbody radiation at T=700 K.
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4.3.2 Spectral Analysis of the Selective Coatings for the Surface Absorber

The two approaches were used to assess the spectral performance of five
selective coatings. One approach considered two blackbodies for the temperatures of the
sun and surface absorber. The second approach was based on the data obtained from
direct solar spectral radiation.

The first approach based on blackbody radiation at the temperature of the Sun
(T=5800 K) and operating temperature (T.=700 K), are shown in Figures 4.5 to 4.8. In
Figure 4.5 the spectral radiative energy efficiencies of selective coatings as functions of
wavelength, are shown, which are calculated from Eq. (4.10). The radiative energy
efficiency profiles of all coatings are similar, with the exception of NREL-6A, which
behaves quite differently. The reflectance of NREL-6A is closer to an ideal selective
coating. Its spectral radiative energy efficiency is high (close to 95%), due to the high
spectral absorptance in the spectrum of solar radiation. On the other hand, the gross loss
of spectral radiative energy efficiency in the infrared spectrum is due to the high
reflectance of the coatings in this range. The sharp decrease in the value of radiative
energy efficiency results from the rapid rise in reflectance. In addition, the spectral value

of blackbody radiation above the wavelength 2000 nm, is low.
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Figure 4.5 Spectral radiative energy efficiencies of selective coatings based on
blackbody radiation at temperature of the Sun (T=5800 K) and operating
temperature (T=700 K).
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Figure 4.6 Spectral radiative exergy efficiencies of selective coatings based on
blackbody radiation at temperature of the Sun (T=5800 K) and operating
temperature (T=700 K).
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As stated before, the spectral radiative exergy efficiency is an essential parameter
used to determine the quality of selective coatings for converting radiative energy to
useful work. Figure 4.6 presents the spectral radiative exergy efficiencies of the coatings
as functions of wavelength based on Eq. (4.20). The trends shown indicate that spectral
radiative exergy efficiencies have slight fluctuations above 90% until a wavelength of
1400 nm is reached for all selective coatings. Beyond this wavelength, a steep drop is
observed in the radiative exergy efficiencies for all selective coatings except the new
coating, which continues fluctuating until the wavelength of 2000 nm is reached. Then,
there is a sharp drop in radiative exergy efficiency of NREL-6A coating from 99% at
2000 nm to 5% at 3000nm. There are two reasons for this decline: an increase in radiative
exergy destruction and a decrease in radiative exergy absorption. The increase in
radiative exergy destruction stems from emissions in the infrared region; the decrease in

radiative exergy absorption is caused by low spectral blackbody radiation in this region.
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Figure 4.7 Radiative energy gains of selective coatings based on blackbody radiation at
temperature of the Sun (T=5800 K) and operating temperature (T=700 K).
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Figure 4.8 Radiative exergy gains of selective coatings based on blackbody radiation at
temperature of the Sun (T=5800 K) and operating temperature (T=700 K).

The spectral radiative energy and radiative exergy gains for the five commercial
and experimental selective coatings are shown in Figures 4.7 and 4.8, respectively.
Spectral radiative energy and radiative exergy gains are calculated from Eq. (4.3) and
Eq. (4.12), respectively. Note that almost all the radiative energy within the solar
radiation spectrum is absorbed. By contrast, there is radiative energy loss and radiative
exergy destruction caused by the emission from the surface. These losses occur in the
infrared region of the electromagnetic spectrum. Figures 4.7 and 4.8 show a clear
increasing trend of radiative energy and radiative exergy gains until a peak value is
achieved at the wavelength of 500 nm for all selective coatings. NREL-6A coating
achieved the highest radiative energy and radiative exergy gains of 83.1 kW/m’nm and
77.9 kW/m’nm, respectively. By contrast, UVAC-B coating has the lowest radiative
efficiency, and has peak values for radiative energy and radiative exergy gains of 79.5
kW/m?nm and 74.6 kW/m>nm, respectively.
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The present spectral analysis does not only attempt to determine which selective
coating has the maximum radiative energy and radiative exergy efficiencies, but it is also
useful for selecting the appropriate coatings by understanding the thermal behavior of a
specific coating over the entire spectrum. Based on the analyses, we determined that
NREL-6A coating has the best values for the spectral radiative energy efficiency, the
spectral radiative exergy efficiency, the spectral radiative energy gain and the spectral

radiative exergy gain in the solar radiation range.
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Figure 4.9 Radiative energy and radiative exergy efficiencies of selective coatings based
on the data from direct normal solar spectral radiation and operating
temperature (T=700 K).
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Figure 4.10 Radiative energy and radiative exergy gains of selective coatings based on
the data from direct normal solar spectral radiation and operating
temperature (T=700 K).

Direct normal solar spectral radiation data was used to evaluate the radiative
efficiencies of the selective coatings by spectral analysis. This approach has a number of
serious drawbacks: particularly, the spectral solar radiation profiles show sharp
oscillations which increase computing time. To alleviate this problem, we followed a
relatively simple numerical approach. The total solar energy contained in the wavelength
range of 250 nm to 20,000 nm is determined by computing the area under the curve for
each parameter in analysis. The area under the curve is divided into rectangle segments
and estimated the area of each rectangle. The total area under the curve equal to the
summation of all rectangles. This approach is used in calculating the efficiencies and
gains in radiative energy and radiative exergy analyses to determine the performance of
a given selective coating. As seen in Figure 4.9, the radiative energy and radiative exergy

efficiencies of these coatings significantly change the performance of CSP system. The
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highest energy and exergy radiative efficiencies, computed for NREL-6A coating, were
91.1% and 44.8%, respectively, while the lowest values of radiative energy efficiency
(81.7%) and radiative exergy efficiency (40.2%) were obtained for Luz Cermet coating.

The radiative energy gain is the difference between the radiative energy absorbed
and lost. Similarly, the radiative exergy gain can be computed as the difference between
the radiative exergy absorbed and destroyed. The radiative energy and radiative exergy
gains of the selective coatings are shown in Figure 4.10. The highest radiative energy
gain (16 kW/m?) and radiative exergy gain (7.5 kW/m?) are obtained for the experimental
coating while the lowest radiative energy and radiative exergy gains are for Luz Cermet
coating which are 14.7 kW/m? and 6.7 kW/m?, respectively. The differences in the
performances of selective coatings can be attributed to the variations in the spectral
reflectance values.

No significant difference was observed neither between spectral radiative energy
and radiative exergy efficiencies, nor between spectral radiative energy and radiative
exergy gains using the first approach, which is based on radiation from the blackbodies
at 5800 K (the temperature of the Sun) and 700 K (assumed operating temperature). This
was because of the extreme differences between the values of the absorbed and emitted
radiative energies. With the second approach, which depended on direct normal solar
spectral radiation and operating temperature (700 K) data, a considerable difference
between radiative energy and radiative exergy is observed. Although in the calculations
there were unexpected obstacles caused by sharp oscillations in the solar radiation
spectrum, the results are significant as they show how much radiative exergy is gained
from total radiative exergy and thus provide more understanding about the responses of

selective coatings.
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4.3.3 Thermal Analysis for the Selective Coatings

Thermal analysis is important when investigating the performance of selective
coatings. In Table 4.1, test results showing the effect of operating temperature on
absorptance and emittance of the five selective coatings are given. Thermal stability

should be considered when choosing a coating.
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Figure 4.11 Emittance curves of the commercial and experimental selective coatings
Versus operating temperature.

Emittance is obtained as a function of operating temperature. The results in Figure
4.11 show that the new coating has the lowest emittance, although a slight increase in
emittance is observed from 0.02 to 0.12 at 800 K. For Black Chrome coating, there is a

marked increase in emittance from 0.09 to 0.285 at 800 K.
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Figure 4.12 Radiative energy efficiencies of the commercial and experimental selective
coatings versus operating temperature.

Thermal analysis investigates the effect of operating temperature on radiative
energy efficiency. Direct solar radiation and concentrating ratio are assumed to be 900
W/m? [90] and 20, respectively. Figure 4.12 illustrates the radiative energy efficiencies
as functions of the operating temperature of the surface absorber. With increasing
operating temperature, radiative energy efficiency decreases for all selective coatings
because of increasing emittance. Radiative energy loss is related to the emittance of the
surface absorber. For this reason, the highest radiative efficiency is achieved by the
experimental coating, while Black Chrome coating has the lowest radiative efficiency.
For NREL-6A coating, the radiative energy efficiency is 96% at temperature of 325 K,
which decreases to 80% at temperature of 800 K. For Black Chrome coating, the highest
value of radiative energy efficiency is 91% at temperature of 325 K, while the lowest

value is 55% at 800 K.
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Figure 4.13 Radiative exergy efficiencies of the commercial and experimental selective
coatings versus operating temperature.

It 1s also possible to calculate the radiative exergy efficiencies as functions of
operating temperature of selective coatings by thermal analyses which are plotted in
Figure 4.13. When the operating temperature increases, radiative exergy efficiency is
enhanced. However, as the operating temperature is further increased radiative exergy
destruction rises as a result of higher emitted radiation loss, leading to a decrease in
radiative exergy efficiency. Maximum radiative exergy efficiency is lower than the
maximum radiative energy efficiency for all selective coatings because it is not possible
to convert all the available radiative energy into useful work. Best radiative exergy
efficiency is achieved for NREL-6A coating, while the poorest efficiency is for Black
Chrome coating. The NREL-6A coating has the highest radiative exergy efficiency of
45.5% at temperature of 768 K, Black Chrome coating reaching its highest radiative

exergy efficiency value of 36.5% at 683 K. It is clear that the thermal analysis is capable
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of providing the most suitable operating temperature to achieve the highest radiative

exergy efficiency for a given coating.

4.4 Summary

The performances of five selective coatings are investigated for a CSP system
using radiative energy and radiative exergy analyses. These analyses are carried out in a
spectral sense, which was the very first time, to our knowledge. The results indicate that
radiative exergy losses mostly occur in the infrared region for specific coatings used.
This can be altered by changing the spectral absorption of coating. In addition, the
quantity of radiative energy profit at a specific wavelength can be obtained by measuring
spectral radiative energy efficiency; while the quality of this radiative energy is
determined by spectral radiative exergy efficiency calculations. Also, it is noted that the
results obtained under direct normal solar spectral radiation are more reliable and can be
used for practical applications. The comparisons between the coatings highlighted an
unexpected difference between radiative energy and radiative exergy results. The
radiative exergy was less than half of the radiative energy regarding efficiency and gain
values, showing the significance of how much availability of solar energy can be
converted to useful work. Furthermore, we note that the irreversibility of coating surfaces
can play an important role in the destruction of exergy. We note that for reliable results,
the operating temperature should be used carefully, as it contributes significantly to

achieve the thermal stability.
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CHAPTER V

SOLAR RADIATION EXERGY AND QUALITY
PERFORMANCE FOR IRAQ AND TURKEY

5.1 Solar Radiation Exergy Calculations

To date, several previous studies have proposed to set out models for estimating
solar radiation in term of polynomials. Model 1 used is a linear equation approach [48].
A quadratic polynomial equation was put forward as Model 2 [51]. Model 3 was
presented by a cubic polynomial equation [53].

All these models are based on the extraterrestrial horizontal radiation, the number
of sunny hours, and the day length. However, certain drawbacks of the preceding models
are noted because they do not consider the mean temperature, and the mean wind
velocity. In this Chapter, an alternative hybrid methodology is derived to determine
maximum efficiency, and new models that take into account the effect of changing
climate is implemented.

The monthly average daily horizontal extraterrestrial radiation can be calculated

as follows [46]:

[y 24X3600H,

0
T

{1+ 0.033cos[%ﬂﬂ{c03¢cos5sin W+27[—Wsin psin 5} (5.1)
365 360

where H,. is the solar constant (1367 W/m?), i.e., the solar radiation per unit area that is

incident on a plane normal to the line connecting the Sun to the Earth [97]. n is the

number of the day as counted starting from January 1st. ¢ is the latitude of the site, w is

the mean sunrise hour angle, and ¢ is the declination angle which is the angle between

the line connecting the Sun and the Earth, determined by [98]:
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. |1 360
0 =23.45sin| —(n+284 5.2

The mean sunrise hour angle w is calculated as [99]:

w=cos™(-tanStan ;) (5.3)

The day length N, can be obtained from the following equation [100]:

2w

T (5.4)

As was mentioned in Chapter two, the maximum conversion efficiency for the
solar radiation y is defined as the ratio of the maximum work obtained from solar energy

to solar radiation energy. It is expressed as:

— EXrad

= (5.5)

74

rad

where Exrqq 1s the exergy flux of solar radiation. It is assumed to be the exergy value of
the monthly average daily global radiation on horizontal plane Hex. E;aq is the energy flux
of solar radiation, which is the energy of the monthly average daily horizontal global
radiation A [55]. Therefore, the maximum efficiency of converting the monthly average

daily radiation on a horizontal plane is given as:

HEX
y=—" (5.6)

The models presented here is, therefore based on several climatic conditions:

I:r" =f(AB,C,D,N,N,,T,,V) (5.7)

0
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where N, T,, V represent the measured monthly mean values of the number of sunny
hours, the mean temperature, and the mean wind velocity, respectively. 4, B, C, D are the
coefficients for the empirical models of solar radiation exergy. We introduce two
variations of this approach.

Model 4 (present approach I) is based on the horizontal extraterrestrial radiation
Ho, and includes the number of sunny hours N, the day length No, and the mean

temperature T, as follows:

H, N
= A+B—+CT, 5.8
H N (5-8)

0 0

Model 5 (present approach II) account for the mean velocity v, in addition to the

parameters considered in Model 4. The formulation is given as:

H N
% =A+B—+CT,+DV 5.9
H N (5-9)

0 0

The models discussed here are summarised in Table 5.1.

Table 5.1 Empirical models used in this paper to predict the energy and exergy values
of the monthly average daily horizontal global radiation [48, 51, 53, 55].

Independent
Models Solar radiation equations Solar radiation exergy equations
parameters
A a+b Hex A+B N
i - = + - = + —
Linear Ho, N, N
HO No H0 N0 0 o
2 2
H a+b C( N j Hex A+B N C N
Quadratic | —_=a+0—=—+C| — —=A+B—+C| — Ho. N. N
Ho 0 NO HO N0 N0
2 3 2 3
Cubic —=a+0—+C|{ — | +d| — =A+B—+ — |+ v Ho. N, No
H, No N, No H, N, N, N,
present| | —atbh—+cT, % = A+B—+CT, Ho, N,
H, N, H, N, T
H N H N
Present I1 — =a+b—+cT, +dV = =A+B—+CT,+DV Ho, N, No,
i S i No TaV
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5.2 Locations Considered for the Analysis

In this work, four different sites in Iraq and Turkey are considered to apply solar
radiation exergy estimation. First, test data gathered from the four sites between January
1, 2010 and December 31, 2016 is used to evaluate the models. The two sites in Iraq are
selected from the locations determined by the Ministry of Electricity in Iraq, where
installation of solar power plants is planned to improve the country’s electricity
infrastructure. All information on climatic conditions for these two locations are taken
from the databases of the State Meteorological Service in Iraq. The selected sites in Iraq
are characterized as semi-desert region due to deterioration of plant cover and high mean
temperature. The first location is Karbala, which is located 90 km southwest of Baghdad.
The highest daily energy of solar radiation measured is 26.43 MJ/m?-day in July, whereas
the lowest value of 10.08 MJ/m?-day is observed in December. The second location is
Shatra, which is 320 km south of Baghdad. The highest daily solar radiation energy of
27.22 MJ/m?-day is indicated in June, whereas the lowest value is observed in December
at approximately 10.8 MJ/m>-day.

The other two sites are in Turkey, and selected based on the ongoing research
projects carried out under the supervision of Energy Research Centers in Turkey. All data
on climatic conditions of the Turkish sites is measured by the State Meteorological
Service in Turkey. These sites in Turkey are considered as wet regions due to their high
rainfall rates and low mean temperatures. One of these locations is in Istanbul. The
highest daily solar radiation energy in Istanbul is 24.94 MJ/m>-day in July, whereas the
lowest value of 5.07 MJ/m?-day is recorded in December. Aydin, Turkey, is the fourth
site considered in this paper. The highest daily solar radiation energy recorded is 27.60

MJ/m?-day in June, whereas the lowest value is 7.53 MJ/m>-day, as measured in
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December. For these sites, the information on location, altitude and data collection period

are shown in Table 5.2.

Table 5.2 Location, altitude and data collection period information of the studied sites.

City Country Latitude Longitude Elevation Duration of
(°N) (’E) (m) Data

Karbala Iraq 32.55 43.97 29 2010-2016

Shatra Iraq 31.45 46.19 3 2010-2016

Istanbul Turkey 41.0 28.6 7 2010-2016

Aydin Turkey 37.82 27.84 67 2010-2016

In addition, all values of the coefficients of five solar radiation exergy models are

presented in Table 5.3.

Table 5.3 Regression coefficients of five conventional and present models for four
locations studied.

Site Function Model 1 Model 2 Model 3 Model 4 Model 5
(Linear) (Quadratic) (Cubic) (Present 1) | (PresentIl)
A 0.2672 0.9022 -4.3714 0.3710 0.3280
B 0.4002 -1.3640 20.9840 0.1830 0.2150
Karbala C 1.2083 -30.133 0.0022 0.0017
D 14.542 0.0260
R2 0.7990 0.8265 0.8379 0.8640 0.915
0.1394 0.5708 22.534 0.3710 0.3280
0.6113 -0.6263 -94.993 0.1830 0.2150
Shatra C 0.8824 135.55 0.0022 0.0017
D -63.835 0.026
R2 0.5980 0.6007 0.6286 0.8640 0.915
0.1733 0.2794 0.4245 0.22 0.306
B 0.5114 0.0704 -0.8502 0.263 0.226
Istanbul C 0.4273 2.2986 0.0053 0.0068
D -1.2217 -0.048
R2 0.8633 0.8696 0.8703 0.886 0.9015
0.2889 0.1773 1.4629 0.367 0.405
B 0.9237 -6.8846 0.093 0.048
Aydin C 0.4829 -0.4112 14.73 0.0065 0.0074
D -9.5619 -0.051
R2 0.9305 0.9361 0.9575 0.97 0.974
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5.3 Statistical Assessment Models

In previous studies, many researchers have utilized numerous statistical
parameters to measure the performance of solar energy estimation models [100-106]. In
this work, the five empirical models are validated for seven statistical parameters. The
coefficient of determination R’ is a measure of closeness of the calculated exergy values
of the empirical model to the recorded ones. R’ should be as close as possible to a value
of one to one for a model whose performance is enhanced. R’ can be computed by the

following equation [100]:

n

) Z( Hest,ex (I) - Hest,ex,avg )( H mes,ex (I) 4 Hmes,ex,avg )
RY = ——= (5.10)

\/{ izl (Hest,ex (I) r Hest,ex,avg )2 }{ iil (Hmes,ex (l) -H B < exau )2

where Hesiex and Hiesex are the estimated and measured exergy values of the monthly
average daily global radiation, respectively; Hesexavg and Hpeseravg are the average
exergy values of the estimated and measured monthly average daily global radiation,
respectively; and » refers to the number of entries.

The root mean square error RMSE defined as an indicator of the short-term
performance of the model. The best value of RMSE is zero which indicates a perfect

model. The equation that describes RMSE is as follows [104]:

1

1 , WP
HZ(HeSt,ex(l)_Hmes,ex(l)) (511)

i=1

RMSE =
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The mean bias error MBE gives information about the long-term performance of
the model. For a perfect model, MBE is zero, and it can be written in the following form
[106]:

13 . .
MBE :HZ(Hest,ex(l)_Hmes,ex(l)) (512)

i=1

The mean absolute bias error MABE measures the average of absolute values of
bias errors. The MABE value is zero for a perfect model. MABE can be calculated as
[102]:

n

MABE :12

i=1

(Hest,ex(i)_ Hmes,ex(i))‘ (5.13)

The mean percentage error MPE indicates the average percentage variation
between estimated and measured exergy values. MPE is zero for a perfect model. MPE

is calculated as [105]:

1 [ (Heger (1) = H e o (1
MPE ==%" ( (1) e ()) %100 (5.14)
N Hmes,ex (I)
The mean absolute percentage error MAPE is defined as the average of absolute
values of percentage variation between the values of estimated and measured exergy. For
the ideal model, MAPE is zero. MAPE is expressed by [103]:

MAPE:EZn: (Hest’ex(i)_H?;s'ex(i))} x100 (5.15)

nis H

mes,ex (

The t-statistic #; assesses the performance of models. The performance of models
is inversely proportional to its 7 value. ¢ is obtained as [101]:

62



~ [(n=1)mBE?
* =\ RMSE2 — MBE? (5-16)

The performance assessment of the models computed from the statistical

comparison methods is presented for four locations in Table 5.4.

Table 5.4 Statistical parameters of five models for the sites in Iraq and Turkey.

Site Function Model 1 Model 2 Model 3 Model 4 Model 5
(Linear) (Quadratic) (Cubic) (Present 1) | (PresentIl)
RMSE 0.4513 0.4303 0.4140 0.3808 0.3766
MBE -0.0701 -0.0775 -0.0755 -0.0292 -0.0004
Karbala MABE 0.2989 0.2900 0.3250 0.3074 0.3104
MPE 0.1037 0.0744 0.0626 0.0039 0.0776
MAPE 1.9468 1.9669 2.0835 1.9556 1.8603
ty 0.5213 0.6073 0.6148 0.2553 0.0032
RMSE 0.8640 0.8768 0.8077 0.8788 0.7042
MBE -0.1352 -0.1361 -0.0512 -0.3943 -0.1328
Shatra MABE 0.7217 0.7198 0.6237 0.7093 0.6289
MPE 0.2185 0.2244 0.6187 -1.6849 -0.3329
MAPE 4.1760 4.1156 3.6928 3.6152 3.4127
t 0.5255 0.5210 0.2106 1.6650 0.6371
RMSE 0.8037 0.7921 0.8019 0.7839 0.7972
MBE 0.0418 0.0366 0.038 0.0381 -0.0234
Istanbul MABE 0.6705 0.6449 0.6537 0.6173 0.5921
MPE 0.4292 0.4234 0.4205 0.566 0.0542
MAPE 5.8637 5.4370 5.3616 5.0789 4.7062
t 0.1727 0.1534 0.1576 0.1616 0.0976
RMSE 0.5463 0.496 0.365 0.329 0.2981
MBE -0.0459 -0.0325 -0.0279 -0.0256 -0.0027
Aydin MABE 0.4005 0.4144 0.3169 0.2793 0.2533
MPE 0.105 0.0872 0.0783 -0.0783 0.0287
MAPE 2.3868 2.5894 2.1202 1.8224 1.6927
t 0.2801 0.2181 0.2541 0.2595 0.0308
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5.4 Results and Discussions

In this Chapter, we calculated radiation exergies of solar systems using the models
given in Table 5.1. We have determined the methods to be used to judge the merits and
demerits of the following two concepts: (1) the maximum efficiency for solar radiation
and (2) the empirical models of solar radiation exergy. They are presented in the

following subsections.

5.4.1 Maximum Efficiency for Solar Radiation

As pointed out in Table 5.1 in Chapter two, the monthly variations for the
maximum efficiency of solar radiation results calculated by the expressions of Petela,
Spanner, Jeter, and the present approaches are shown in Figures 5.1 to 5.4. In the
calculations, mean temperatures are utilized for the four locations studied.

The current work shows similar predictions to Petela and Spanner’s results
because these approaches deal with the effect of radiation heat transfer. By contrast,

Jeter’s approach yields results in efficiency of approximately 2% higher.
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Figure 5.1 Maximum efficiency of average solar radiation (Petela, Spanner, Jeter, and
Present Approach, see Table 3.1) at mean temperatures for the site in Karbala,

Iraq.
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Figure 5.2 Maximum efficiency of average solar radiation (Petela, Spanner, Jeter, and
Present Approach, see Table 3.1) at mean temperatures for the site in Shatra,
Iraq.
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Figure 5.3 Maximum efficiency of average solar radiation (Petela, Spanner, Jeter, and
Present Approach, see Table 3.1) at mean temperatures for the site in Istanbul,
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Figure 5.4 Maximum efficiency of average solar radiation (Petela, Spanner, Jeter, and
Present Approach, see Table 3.1) at mean temperatures for the site in Aydin,
Turkey.
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Results depicted in Figures 5.1 to 5.4 show the mean temperature of the months
and maximum efficiency are inversely proportional for all approaches and the sites. In
Karbala, Iraq, the maximum efficiency calculated by the present expression reached the
highest value (0.934) in January when the mean temperature is 10.8°C, which is
minimum value of the year whereas the lowest value of maximum efficiency (0.928) is
obtained in August at 36.3°C mean temperature, which is the maximum value of the year.
Similarly, in Shatra, the best value of maximum efficiency (0.934) is obtained in February
when the mean temperature is at yearly minimum 12°C, whereas the lowest value is
(0.929) is obtained in July when the maximum value of the mean temperature is reached
at 35.9°C. In Istanbul, Turkey, the highest (0.935) and lowest (0.931) values of maximum
efficiency can be found in January and July when the mean temperature is 6.7°C and
25°C, respectively. In the same trend, the highest value of maximum efficiency is 0.935
at a minimum mean temperature of 9°C in January, whereas the lowest efficiency is 0.93

at the maximum mean temperature of 31°C in July for Aydin, Turkey.

5.4.2 The Empirical Models for Solar Radiation Exergy

As discussed in section 5.2, we have implemented a detailed investigation of solar
radiation exergy with different empirical models as shown in Table 5.1. The regression
coefficients for the five models of solar radiation exergy are given in Table 5.4. Figures
5.5 to 5.8 for four cities, show the differences between measured and estimated exergy
values of horizontal global irradiation for five models.

The results obtained from Model 1 (linear) and Model 2 (quadratic) for three sites
were poor compared with other models except for Aydin. In the same trend, the R values
exceed 90% for Aydin and were less for other locations. The predictions of Model 3

(cubic) seem more acceptable because the R’ value of Model 3 is higher than R’ values
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in Model 1 and 2. On the other hand, global radiation exergy predictions of Model 4
(present approach I) are quite satisfactory when compared to the measured values.
Likewise, estimates of Model 5 (present approach II) are better. In this model, the R’
values are always more than 90% for all locations studied. As shown in Table 5.3, for
Model 5, the R? values are 91.5%, 91.5%, 90.15%, and 97.4% for Karbala, Shatra,
Istanbul, and Aydin, respectively.

The monthly average daily horizontal global radiation exergy values predicted by
all models are calculated for the four sites chosen, and then as can be seen from Table
5.3. The performances of these five models are tested by various statistical indicators,
which are RMSE, MBE, MABE, MPE, MAPE, and t; for each model and site. For
Karbala, the lowest values of statistical indicators RMSE, MBE, MAPE, and ty are
computed by Model 5 as 0.3766, -0.0004, 1.8603, and 0.0032, respectively. The best
MABE and MPE values resulted from Model 2 and Model 4 are 0.29 and 0.0039,
respectively. The exergy of solar radiation for Karbala changes between 9.42 and 24.55
MJ/m?-day between the months of December and July, respectively. For the second site,
Shatra, the optimal values of RMSE and MAPE is obtained from Model 5 which are
0.7042 and 3.4127, respectively. The best value of MPE is obtained from Model 1 which
1s 0.2185, whereas the best values of MBE, MABE, and t;; which are -0.0512, 0.6237 and
0.2106, respectively, are computed by using Model 3. For Shatra, the extremum values
of solar radiation exergy are 10.14 to 25.3 MJ/m*-day in December and June,
respectively. The best MBE, MABE, MPE, MAPE, and t,; values for Istanbul are given
by Model 5 as -0.0234, 0.5921, 0.0542, 4.7062, and 0.0976, respectively, whereas the
lowest value of RMSE is obtained by using Model 4, which is 0.7839. The lowest value
of solar radiation exergy was 4.74 MJ/m>-day in December, and the highest value was

23.23 MJ/m?>-day in July for Istanbul. On the other hand, the lowest values of indicators
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RMSE, MBE, MABE, MPE, MAPE, and t,; for Aydin are 0.2981, -0.0027, 0.2533, 0.0287,
1.6927, and 0.0308, respectively, which are provided by Model 5. The lowest and highest

solar radiation exergy for Aydin are 7.04 and 25.7 MJ/m>-day in the months of December

and June, respectively.
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Figure 5.5 Estimated and measured exergy values of the global radiation in Karbala,
Irag. (Based on the information provided in Tables 5.1 and 5.3).
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Figure 5.6 Estimated and measured exergy values of the global radiation in Shatra, Irag.
(Based on the information provided in Tables 5.1 and 5.3).
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Figure 5.7 Estimated and measured exergy values of the global radiation in Istanbul,
Turkey. (Based on the information provided in Tables 5.1 and 5.3).
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Figure 5.8 Estimated and measured exergy values of the global radiation in Aydin,
Turkey (Based on the information provided in Tables 5.1 and 5.3).

The best values of MBE, MPE, and ¢, are produced by Karbala, whereas the best
values of RMSE, MABE, and MAPE are computed in Aydin using the models developed
in this work. The values of statistical indicators might be considered to be acceptable,
except for MAPE. In summary, the estimated global radiation exergy value at each
location is acceptable when compared with the measured values. The present models (4
and 5) produce the best values of statistical tests. Model 5 has less residual than the other

models. Thus, this model can estimate the horizontal global radiation exergy most

reliably.

5.5 Summary

In this Chapter, a new methodology is introduced for predicting solar radiation
exergy. The empirical models are assessed by the statistical parameters to predict the

exergy value of the monthly average daily horizontal solar radiation in Iraq and Turkey.
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The results show the losses caused by radiation heat transfer are higher than those
resulting from the other modes of heat transfer because the energy transfer via radiation
is proportional to the fourth power of the temperature. Also, the monthly variations of
maximum conversion efficiencies are found to be quite small. We note that the R values
of Model 5 can provide additional evidence on the effects of weather condition
parameters on the accuracy of the empirical models based on measurements in Iraq and

Turkey.

The statistical parameters (RMSE, MBE, MABE, MPE, MAPE, and t,;) show that
the proposed empirical models can be adopted in Iraq and Turkey for academic and
industrial applications. The Model 5 seems to provide the most reliable results, and is

considered to be the best.
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CHAPTER VI

THERMAL AND RADIATIVE PERFORMANCE
ANALYSES OF APTC SYSTEM

6.1 Description of the PTC System

In this Chapter, the solar field established with the help of EU-FP7-BRICKER
project is considered. The system includes ten rows of solar PTC systems (PTMx-36)
that are designed and manufactured by Soltigua [14]. The system is divided into five
hydraulic loops of two concentrator rows, located in Aydin province of Turkey, in the
campus of Adnan Menderes University (ADU). Figure 6.1 shows that the rows are

arranged solar field.
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Figure 6.1 Scheme of the solar field layout at ADU Campus, Aydin, Turkey.

An estimated overall thermal power provided by the PTC field corresponds to

approximately 1 MW. The project mainly aims to save more than 50% of the required
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energy for different applications with the help of a tri-generation system, which include
electricity, air conditioning and heating for a building nearby used as a teaching hospital.
This project is constructed in Adnan Menderes University, Aydin, a province in Turkey
which was chosen because of the favorable solar radiation intensity throughout the year.
All data on climatic conditions of this Turkish site are measured by the State

Meteorological Service in Turkey for Aydin [107].

The solar field was designed for single axis tracking PTCs. All instruments were
equipped with a programmable logic controller (PLC) which allows an automatic remote
control, including stowing procedures in case of bad weather, strong wind, overheating

or insufficient flow rate, to prevent damages.

The reflector is made of a high reflectance glass and silver. Each mirror has four
sufficient stiffness points to hold of a steel structure. Another attractive feature of the
PTMx is that it has a small aperture width to simplify cleaning and to reduce the wind
forces which is transmitted to the foundations. The third characteristic of the PTMXx is
hot dip galvanized metal structure which keeps it from corrosion under outdoor
conditions. Receivers compose from absorbers and the glass envelope without
evacuating between them. The welding between absorbers may cause reduction of
durability; therefore, absorbers were bolted one by one. Figure 6.2 shows the connection

absorbers, the tracking system, and the solar field.
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Figure 6.2 A-the connection absorbers, B-the tracking system, and C-the solar field.

The overall energy system is divided into three parts based on the type of working
fluid used. Energy generation units (EGUS) use oil, energy distribution units (EDUS) use

water, and energy conversion units (ECUs) have both oil and water.

- EGUs generate useful energy by utilizing solar energy incident. Thermal oil
groups are selected for the EGUs to satisfy the required temperature ranges of working

fluid throughout thermal cycle.

- ECUs’ the primary purpose is the conversion of thermal energy from the oil

loop into either electrical or thermal energy in the water loop.

- EDUs are responsible for meeting cooling loads by using adsorption units.

The possibility of using steam or pressurized hot water as HTF in place of oil has
been rejected due to the excessive pressures required by operating temperature over

200°C [108].
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Dimensional parameters are based on data provided by the PTC manufacturer
Soltigua. The PTC commercial model considered in the system design is PTMx-36,

whose main characteristics and operational limits are gathered in Table 6.1.

Table 6.1 Characteristics and operational limits of PTC model PTMx-36 by Soltigua

[108].

Parameter Value Unit
Collector width 2.37 m
Focal distance 0.8 m
Absorber internal diameter 38.4 mm
Absorber external diameter 42.4 mm
Absorber thermal conductivity stainless steel 316L
Glass cover internal diameter 75.8 mm
Glass cover external diameter 80 mm
Selective coating of the absorber Cermet coating
Absorptivity of absorber surface 0.94
Emissivity of absorber surface 0.18
Emissivity of glass envelope 0.88
Transmissivity of glass envelope 0.93
Reflectivity of the mirror 0.94
Heat transfer fluid Therminol-55
Number of Loops 5
Length of each loop 144 m
Inclination angle 0°
Nominol flow rate for each loop 6 m3/hr
Inlet temperature 142 °C
Maximum oil temperature 250 °C
Maximum working pressure 8 bar
Minimum oil flow rate (200-250°C) 20 I/min
Maximum oil flow rate 120 I/min

6.2 Optical Analysis

Below, the optical performance of the PTC is discussed first. The equations for

geometry factors are defined using the geometry shown in Figure 6.3.
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Figure 6.3 Geometry of parabolic trough collector.

6.2.1 Geometry of PTC

Solar concentrating system is based on PTC mechanism. For this, we need to start
with the formula for a parabola. In Cartesian (X, y) coordinates, it is given by following

relation [109] :
x* = 4Fy (6.1)

where F is the focal distance. The rim angle (¢r) is the relevant parameter to determine

the ‘flatness’ of the external form of a parabola, and can be computed from Figure 6.3

[109]:

tan —W_/2 6.2
= (6.2)
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where W is the width of PTC. Substituting Eq. (6.1) into (6.2) and letting x = \%V yields:

tan ¢, =8F—/W2 (6.3)
16(F /W) -1

The solar concentration ratio (C) is defined as the ratio between the aperture area

(Aa) to outer area of absorber pipe (As). Then, it is calculated as [95]:

C=iz(W—d3)L=W—d3 (6.4)
A zd,L 7d,

The acceptance angle (¢m) is defined as the maximum angle describes the range
of the incident angle of solar radiation on reflector which is captured by an absorber pipe.
The minimum acceptance angle in practice is 32" based on the solid angle of the Sun
sphere that can be seen from the Earth [66]. The diameter (ds3) of the outer absorber pipe

is determined as [24]:
d, =2r.sin(g, /2) (6.5)
where r, is the rim radius, and can be obtained as [109]:

2F
r

P E 6.6
1+cose, (6.6

The width of the parabolic mirror can be obtained using the following equation [109]:

W = 2r, sin ¢, (6.7)
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Substituting Eq. (6.6) into (6.7) and wusing the double angle formula

sing, = 2sin %cos% and half angle formula 1+ cos g, zzcosz%, Eq. (6.7) can be

rewritten as:

0 % O
. 2sin—-cos—- sin—"
w=2FSNG el T2 T2 el 2 | g 6.8)
1+cosg, 2c0s2 2 cos 2 2
2

Inserting Eq. (6.8) into (6.5). The diameter of absorber pipe can be calculated as:

h W . ., sin(g,/2) 6.9
d3_Z[ZSin(prJsm((ém/z)_w—sinqo, (6.9)

6.2.2 Solar Radiation Input

The amount of solar radiation (S) absorbed depends on the radiative properties of
the PTC materials, geometrical collector and different defects produced from the

construction of the PTC. The solar radiation absorbed is [110]:
SE Vo TqXans V5 K (‘9) AcA, (6.10)

where Iy is the incident solar radiation, pr is the reflectivity of the mirror, 74 is the
transmissivity of the glass envelope, aa is the absorptivity of the surface absorber, y is the
intercept factor, & is the total miscellaneous loss factor, K(@) is the incident angle
modifier, As is the collector geometric factor and Aa is the aperture area. They are

discussed in detailed below.
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6.2.2.1 Intercept Factor

The intercept factor is considered to determine the optical efficiency of the
system. The factor is defined as the portion of the reflected radiation that is intercepted
by the absorber. Under ideal conditions, the intercept factor is equal to 1. However, in
real operation conditions, several errors made this factor less than 1. Such errors include
manufacturing and assembly errors, these caused by the tracking system and from
misalignment problems. These errors are categories as the random and non-random
errors. Random errors (o) include random tracking error (osn), random error in
manufacturing and assembly (osiope), and random error produced from optical properties
for the mirror (omirror). These random errors are computed by a statistical approach which
determines the standard deviation of the total reflected energy distribution at normal

incident. The total random error can be determined as [111]:

(6.11)

+G

o= o- + G mirror

sun slope

Non-random errors refer to the errors associated with operations and
imperfections of manufacturing. These errors show how to deviate radiation from the
design focal point. Random and non-random errors can be calculated using the universal
error parameter. Then, the intercept factor (y) can be determined by using the following

equation [112]:

_1+cosg, .[Ef{smgor [1+cosp][1-(2d, /d;)sing |- z5C 1+c03(pr]}

2sing, 3 \/_nac[1+003go,]
(6.12)
iy sing, [1+cosg][ 1+(2d, / d;)sing |+ zBC[1+cos ¢, | do
— — X
J270° [1+cosg,] (1+cosg)
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where dr is the dislocated distance between the ideal focus and the real focus of receiver,

and g is the misalignment and tracking errors.

6.2.2.2 The Miscellaneous Loss Factors

These parameters are generated from experimental data and can be adopted from
NREL, and the total miscellaneous loss factor (et) can be calculated by the following

equation [64]:

g =), (6.13)

Table 6.2 shows the values of the miscellaneous loss factors.

Table 6.2 Estimation of the miscellaneous loss factors [64].

Term Value
HCE Shadowing .; 0.974
Dirt on mirror ., D, /Pa

Dirt on HCE ; (1+&,)/2
Clean mirror reflectance p 0.935

6.2.2.3 Incident Angle Modifier

The incident angle modifier (K(®)) is defined as the ratio of thermal efficiency at
a specific incident angle to the maximum efficiency at normal incident angle. It considers
the effect of incident angle [113]. Moreover, the value of solar radiation reaching the
PTC relies on the incident angle. For this purpose, several modes of tracking are designed
to control the orientation of the PTC towards the Sun. The incident solar radiation is
proportional to the incident angle modifier which depends on the geometry of the PTC.

Experimental data regarding the incident angle modifier for different values of incident
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angle are also provided by the company [108]. The fitting curve equation can be obtained

from Figure 6.4 as:
K (6) = 0.9998-0.00039 - 0.00026° + (6E —10)6° (6.14)

where @ is the incident angle and can be computed for the collector rotating in north-

south axis, which is given as follows [66]:

cosé = \jcosz 0, +sin’* wcos’ & (6.15)

where 6, is the zenith angle, w is the hour angle and ¢ is the solar declination angle that
is an angle between a connecting line between the Earth and Sun and the line project on
the Earth’s equator. The zenith angle (6;) refers to the angle between the beam solar
radiation and the vertical of a horizontal surface. It can be determined by the following

equation [109]:
C0S &, =C0S¢$COS I COSw+SiNPsind (6.16)

where ¢ is the latitude angle. The hour angle (w) is the angular distance of the sun west
or east of the local meridian as a result of the rotation of the earth afternoon on its positive

axis and morning on its negative axis.
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Figure 6.4 Incident angle modifier of PTC model PTMx-36 [108].

6.2.2.4 Collector Geometric Factor

Geometric factor refers to the effect of the reduction of the aperture area caused
by shading, the end-effect and another effect which can occur because of the arrangement

of the collectors in parallel arrays. It is described as follows [110]:
2
A, =1{$+E(1+ W—zﬂtan 0 (6.17)
L 48F

6.2.2.5 Optical Efficiency

Optical efficiency (7op) is defined as the ratio of solar energy that reaches the
receiver to the incident beam solar radiation on the collector. Thus, the following

equation can be determined [109]:

S
Uop == P TgaabsygtK(e) Af (618)
A,
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6.3 Energy Analysis

Energy analysis specifies the energy absorbed by the HTF and determines the
energy losses from the receiver to the ambient as a result of the heat transfer (conduction,
convection, and radiation). Figure 6.5 explains the heat transfer through HCE, and Figure
6.6 shows the thermal resistance model used in the heat transfer analysis. The thermal
analysis model contains the equations of energy which is used to do an energy balance

between the HTF and the environment.

q rad,5sky

QConv,Samb

qrad,34

qconv,lz

absorber

glass envelope

Figure 6.5 Scheme for the heat transfer mechanism through heat transfer collector
element.
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Figure 6.6 Thermal resistance model for the parabolic trough collector system.

In a PTC system such as the one shown in Figure 6.5, the solar radiation is
captured and concentrated by a reflector which is divided into three parts. The first part
is reflected by glass envelope. The next part is absorbed by glass. After absorbing, the
second part is emitted because of increasing the temperature of glass. The third part
transmits the crucial part to absorber. The most percentage of the third part is absorbed
by the selective surface and transferred through a wall by conduction and to the fluid by
convection as a useful energy. Once the radiation is absorbed, the temperature of the
surface increases. Therefore, the energy is emitted as heat losses from the absorber
surface. The remaining percentage of the third part is reflected by the absorber in the
direction of inner surface of glass. This percentage is then transmitted outside, absorbed
by the glass and again reflected to the absorber. To absorb energy by glass envelope, the
emitted energy from the selective surface is transferred by radiation and convection
through annular space. Conduction through glass is lost by convection and radiation. In
practice, neglecting the effect of the remaining third part is problematic. However, the
present analysis considers the effect of all solar radiation parts on the performance of
PTC. Moreover, the heat transfer takes place by radiation between glass envelope and
sky. The reflector is considered as well.

In the current work, the following major features are included:
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1) The PTC analysis is implemented under steady state. Thus, mass or energy is
not accumulated in control volume. The thermodynamic properties are independent of
time.

2) For short solar collector lengths, a one-dimensional heat transfer provides
reasonable results. This is due to the relevant gradient of temperature occurring mostly
in the direction of falling solar radiation. The path of radiation is shorter than the length
of the absorber. Thus, the change of temperature is neglected in the axial direction of
absorber based on bulk temperature, that is, average temperature. However, heat transfer
calculations should account for the change in thermodynamic properties and pressure
drop provided that the total of solar collector length is longer than 100 m. Therefore, a
two-dimensional model is considered to include the effect of temperature variation in the
axial direction.

3) In energy balance, the surface of the absorber deal as a constant heat flux
surface. Therefore, the bulk temperature of working fluid increases in the flow direction.
For the purpose of analysis, the governing equation for steady state is applied to control
volume. The length of absorber should be divided into N number of segments to
understand the discretization principle. Figure 6.7 shows that i-1 and i+1 represent the
inlet and outlet segment, respectively.

4) Bulk temperature of the centerline is equal to an average temperature between
inlet and outlet segment.

5) Work and potential energy are equal to zero (horizontal). In addition, Kinetic

energy is smaller than other energies, and the surface roughness is uniform.
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Figure 6.7 Schematic side view of the receiver.

The governing equation of energy applied on control volume has the following

form [110]:

i+1 N
[me] = ;5‘1 (6.19)
where m is a mass flow rate; q is a rate of heat transfer; e is a specific energy and can be

obtained by the following equation:

V2
e:h+7+ 9z (6.20)
where h is a specific enthalpy and n = ¢ t for incompressible fluid [114], V is a velocity,

g is a gravitational constant, z is the high (cancels out for horizontal flow), and T is

temperature.

The thermal analysis is estimated by applying thermal resistance shown in Figure
6.6. To estimate the temperature at nodes in resistance network, a number of equations

equal to unknown temperatures should be proposed. In addition, the thermodynamic

87



properties and heat transfer coefficients are unknown because they are based on
temperatures. Therefore, these equations are solved by trial-and-error approach.
However, EES is one of the software programmes that solve these kinds of problems by
using numerical solution. By applying the energy balance at each surface of the heat

collector element, the energy balance equations for each part can be written as follows:

Qeonv, t = Yeond 23 (6.21)
MoloA, +17 Ibpﬁpabspg = Oeonv,34 T Urad 34 T Uoond 23 (6.22)
7, IbAipijagpg | Qs +17, IbAapabsag | Qs + Qconv,34 1 Orad 34 = Yoond 45 (6.23)
A, / T @aps T Ueond 45 = Geonv,amb T Urad amo (6.24)
A = Aconv,amb + Orad amb (6.25)

The analysis based on heat transfer modes identifies the assessment performance

of PTC.
6.3.1 Heat Transfer between the Fluid and the Inner Surface of Absorber

By applying Newton’s law of cooling between the inner surface of the absorber
and fluid to calculate heat transfer by convection, the following equation is obtained

[115]:
qconv,f = hdeﬂ-AX (TZ,i _Tl,i ) (626)

where hs is the heat transfer coefficient of fluid, d is the inner diameter of absorber pipe

and Ti1 and Ti,» are the temperature of fluid and the inner absorber surface, respectively.
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Heat transfer coefficient can be computed using the Nusselt number correlations, such

as:

Nu, = (6.27)

where ks is the thermal conductivity of fluid at bulk temperature. Nusselt number (Nus)

depends on Reynolds number (flow type) which determined as:

Re, = (6.28)

where Vi and vs are the velocity and kinematic viscosity at bulk temperature of a fluid,
respectively. Although the type of flow in the absorber is typically turbulent, the model
includes conditional statements to specify the type of flow. Laminar flow at Res is less

than 2,300, thus Nusselt number is given as follows [115]:
Nur=4.36 (6.29)

The flow in the absorber can be assumed fully developed because the entry length
which equals to ten times absorber diameter has a much smaller value than the length of
each loop in the solar field. Then, Nusselt number correlation for turbulent flow is

developed by Gnielinski [115]:

Pr, (fJ(Ref—looo) 4 S pr
Nu, =—8 P_( j }(_Lj For 0.5 < Pr¢< 2000 and 2300 < Rey

a3
L Pr.
1+12.7 /i (Pri*-1) 2
8

<5 x 10° (6.30)
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where Pr; is the Prandtl number of fluid at bulk temperature, Pr. is the Prandtl number
at wall temperature of absorber, L is the length of absorber and f is the friction coefficient

that can be determined first by correlation [116]:
f =(L.82log,, Re,~1.64) " (6.31)

Gnielinski prefers next equation instead of Eq. (6.31) which represents the friction

confident in pipes as [116]:
f =(1.8log,, Re, —1.5)72 (6.32)

The pressure drop of fluid flow in each loop for solar field can be calculated using

the following equation [117]:

B f AxpV/?
- 2d,

Ap (6.33)

In this Chapter, Therminol-55 is used. It is a high-performance HTF with the
organic systems. It can also be used for all operating conditions in systems without
pressurizing. The best performance is with a temperature of 290°C. In addition, it has
thermal stability at operating temperatures and without significant changes in thermal

properties when used for years.
6.3.2 Heat Transfer through the Wall of Absorber

By applying the Fourier law of conduction heat transfer to find heat transfer rate

through the wall of absorber as the following formula can be obtained [115]:

~ 27Ky AX(Ty; =T, )

|COnd ,23 |
2

(6.34)
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where ko3 is the thermal conductivity of absorber wall which depends on the type of
stainless steel and the average temperature (T23,i) of inner and outer temperatures for
absorber wall. Three types of stainless steel (304L, 316L and 321H) are commonly used.
Thermal conductivity for 304L and 316L is calculated in units of (W m? K1), by

following equation:

ky; =0.013T,;; +15.2. (6.35)
The thermal conductivity for 321H is determined as follows:

Ky; =0.0153T,,; +14.775. (6.36)
Eqgs. (6.35) and (6.36) are obtained from fit curve data from Davis [118].

In this work, the absorber of PTMx-36 is made of (316L) stainless steel. It has a high

corrosion resistance.
6.3.3 Heat Transfer through the Annular Space

The heat transfer between these two surfaces occurs by two modes of convection
and radiation. As previously stated, both modes through annular space in HCE can be
considered energy losses due to rise of temperature of outer surface after absorbing the

captured solar radiation by the spectrally selective surface.
6.3.3.1 Convection Heat Transfer through the Annular Space

Convection heat transfer relies on the annular space pressure. For this reason, heat
transfer occurs in two modes. When the pressure in annular space is less than 100 mmHg,
the annulus is considered under vacuum. Thus, heat transfer is obtained by free-

molecular convection, and the suggested correlation is given as follows [115]:

Qeonv,3a = hs,dy7AX (Ts,i _TA,i) (6.37)
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where hss is heat transfer coefficient by convection through space between cover glass
and absorber pipe. It can be computed as follows [64]:

kst
(d,/2)In(d, /d,)+bA(d,/d, +1) (6.38)

h34:

Eq. (6.38) can applied for Rass < [da/(ds-d3)]*. kst is the thermal conductivity of the gas
in annular space at standard temperature and pressure. b and A are the interaction
coefficient and mean-free-path between collisions of molecules, respectively. These

coefficients can be calculated from the following formulas [119]:

p- (2-2)(97-95) (6.39)
2a(y+1)
A =2.331x107% (%J (6.40)

where o is molecular diameter of gas in annular space, pa is the gas pressure in annular
space, Taa, is the average temperature of outer surface temperature of absorber (Ti3) and
inner surface temperature of glass envelope (T4,), y is ratio of specific heat at constant
pressure to specific heat at constant volume for the gas in annular space (yair = 1.39) and
a is the accommodation coefficient that can be determined by the following correlation

[120]:

oo bl (] oo

where C, =-0.57; C1=6.8; To =273 K; M is the monatomic equivalent molecular weight

(for monatomic gas My = Mg and for diatomic/polyatomic gas My = 1.4Mg) and p is the
ratio of molecular weight of gas (Mg) to molecular weight of solid (Ms). This ratio can be

calculated as:
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=8 (6.42)

Table 6.3 presents the molecular diameter and molecular weight of suggested gases in

annular space [121].

Table 6.3 Molecular diameter and molecular weight of suggested gases [121].

Gas Molecular diameter (cm) Molecular weight
(g/mole)

Air 3.53x10°® 28.97
Argon 3.58x10® 39.95
Helium 2.15x1078 4.003

Hydrogen 2.71x1078 2.01
Carbon dioxide 4,53x10% 44.01

When the pressure in annular space is more than 100 mm Hg, the natural
convection heat transfer occurs from the outer surface of absorber to inner surface of
glass envelope. The heat can be determined by the following equation [115]:

27K AX

=—2 (T..-T,. 6.43
qconv,34 In(d4 /d3)( 3,i 4,|) ( )

The effective thermal conductivity (ke) can be determined by using the correlation [115]:

1/4

Pr. va

Kt :0.386k34[mj (FyRay,) (6.44)
: 34

Eq. (6.44) is valid for 0.7 < Pras < 6000 and 10% < F¢yi Razs < 107. Moreover, kss and Pras
are the thermal conductivity and Prandtl number of the gas in annular space at the average
temperature (Taas,i), respectively. Rass is the Rayleigh number and can be obtained as

follows:

_9AT-T)L (6.45)

where w34 is the kinematic viscosity of a gas in annular space, and £ is the volume

expansion coefficient at average temperature (Tzs,i)) which can be determined as:
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34,

Fey is the geometric factor for concentric cylinder and can be obtained as:

In(d,/d.)T’
F, = Ls[(d(3/:+ds)35 )5 (6.47)
C 3 4

where L. is the characteristic length and equals (ds-ds)/2.
In this work, the receiver considers PTMx-36 (company designation), which is

not vacuum based receiver.
6.3.3.2 Radiation Heat Transfer through the Annular Space

The radiation heat transfer between the selective surface of absorber and the inner
surface of the glass envelope needs to be considered. They are assumed grey
(independent of wavelength) and diffuse reflectors (independent of direction). The glass
envelope is naturally opaque to the infrared radiation at wavelengths larger than
approximately 2 um. These assumptions are reasonable for the working conditions of the
collectors [6]. The radiative flux is determined by the following equation for long

concentrating cylinders [6]:

ord,AX (T3,i4 -1, )

qra y =
d 34 [1+(1—gg)d3]

(6.48)

& £,d,

where g3 and ¢y are the emissivities of the outer surface of the absorber and the glass
envelope.
In the present work, the surface emissivity is expressed as a second-order

polynomial function of the absorber surface temperature. This functional form allows
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more flexibility when studying the performances of PTC. In Table 4.2, these emissivity
expressions are given for five different selective coatings.
In this work, the absorber of PTMx-36 was coated by Cermet coating. It is one of

the most commonly used commercial coatings for CSP systems.
6.3.4 Heat Transfer through the Glass

The temperature distribution through glass wall of the envelope can be considered
linear. In addition, the corresponding thermal conductivity is assumed constant.
Therefore, the Fourier law can easily be applied for the conduction heat transfer which
occurs from inner to outer surface of the glass envelope. It can be obtained from the
following equation [115]:

27K s AX (T =T,

:lcond,45 |
In [ 5 j
[|4

where kss is thermal conductivity of glass envelope

(6.49)

In this work, In the collectors considered, a high heat resistant Pyrex glass is used

to protect the absorber.

6.3.5 Heat Transfer between the Outer Surface of the Glass Envelope and

the Surroundings

Heat transfer from outer surface of glass represents energy losses from HCE
which include heat transfer by convection and radiation to the surrounding. Based on
weather condition, either natural or forced convection heat transfer need to be considered.
In this paper, both the natural and forced convection are considered in energy analysis.
Radiation heat transfer is to be determined by considering the geometry, the temperature
difference and the radiative properties. In addition to heat transfer between outer surface
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of glass and sky, the energy analysis considers the effect of heat transfer between outer

surface of glass and the reflector.
6.3.5.1 Convection Heat Transfer from the Outer Surface of the Glass Envelope

In heat transfer analysis, HCE is considered as a horizontal cylinder. The heat
transfer coefficient is determined using the proper Nusselt number correlation. The heat

flux can be calculated by applying Newton’s law of cooling as follows [115]:

Qeonv,amb = ﬂ-dShaAX (T5,i _Ta ) (650)

where ha is the heat transfer coefficient from outer surface of glass to ambient and is

calculated by the Nusselt number as:

(6.51)

The thermal conductivity of air (ka) can be determined at the average temperature (Tsa,i)

of outer surface temperature of glass (Ts,i) and the ambient temperature (Ta).

In the absence of wind, the heat transfer from the outer surface of glass considers
natural convection mode. Then, Nusselt number can be estimated for a horizontal

cylindrical geometry as [115]:

0.387Ra’"
|1+(0.559/Pr, )™ |

Nu, =| 0.6+

a

10° < Ra, < 10*2 (6.52)

8/27

Prandtl number of air (Pra) is determined at average temperature (Tsa), and Rayleigh

number Raa can be calculated as:
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T..-T. )d3
Ra, = 37 ( I )% Pr. (6.53)

\")

a

where va is the kinematic viscosity of air at average temperature (Tsa,i), and £ is the

volume expansion coefficient at average temperature (Tsa,i). It can be determined as:

f=— (6.54)

When there is wind, forced convection heat transfer occurs from the outer surface

of glass envelope to ambient. Then, Nusselt number is estimated as [115]:

Nu, =CRe} Pr] (6.55)

Even though Eq. (6.55) is simple, the following equation by Churchill and Bernstein

[115] is preferable to you because of its accuracy [115].

1/2 p, U3 518714/°
Nu, = 0.3+ -02R€ PTy 1,{1{ Re. j ] For Raa Pra > 0.2 (6.56)
[1+ (0.4/Pr, )2’3} 282000

where Rea, Pra are the Reynolds number and the Prandtl number of air at average

temperature (Tsa,).
6.3.5.2 Radiation Heat Transfer from the Outer Surface of the Glass Envelope

Radiation heat transfer occurs between the glass envelope and both of the sky and
the reflector. The upper part of the glass surface faces the sky. The bottom part is only
ringed by reflector, and the rest is surrounded by sky and reflector as shown in Figure
6.8. For this case, the radiation network approach is used [6]. The shape factor is also
important to find unknowns in the network. The assumptions are considered to simplify

complicated radiation transfer analysis problems. They neglect the end losses of PTC
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since each loop of solar field is too long. Grey diffused isothermal and opaque of segment
of glass envelope can be considered as well. In addition, the sky temperature is
compensated for the different temperature to calculate radiation heat transfer and can be

determined by using air ambient temperature from the following relation [110]:

Ty = 0.05532T;° (6.57)

Figure 6.8 Geometry for PTC for calculation of shape factors and surface areas.

To specify the shape factor between surfaces, the cross-strings method and
superposition and summation rules are utilized [6]. Figure 6.8 shows the symmetry
between the right and left of HCE that interrelate the shape factors as Frighi—rer= Fiefiorer
and Frigh—siy = Fiefiosky. In addition, Frigherigne = Fiefisien = 0 because the convex surface
cannot possibly receive radiation from itself. Moreover, the shape factor from reflector
to itself is approximately Feror=~ 1-2/m [6]. Fronom—rer= 1 because the bottom part of

glass only faces the reflector. All calculations of the surface areas per unit length (S) are
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presented in Appendix A. The crossed-string method can illustrate the shape factor from

the right of glass to reflector as follows [6]:

_ (San'c' + Ln'c)_(sac _Sn'c') (658)

l:right»ref S

an'

The superposition rule can be applied to determine the shape factor from reflector

to the right side of glass as follows [122]:

S, F.
E _ Tan right—ref (659)

ref —>right S
ref

The summation rule is the third approach which can be used to specify the shape

factor (F). The rule can result in calculating the shape factor from reflector to sky as:

F

ref —sky =

1- I:ref —ref 2|:ref —sright (6.60)

Three parts of radiation heat transfer occur from the outer surface of glass

envelope depending on the faced surface as:

1) The first part only exchanges from the upper surface of the glass to sky and

can be determined as follows:
qrad,up—»sky =&y GSaa‘AX (TS,i4 _Tsiy) (661)
where Saa IS the area per unit length of upper side of glass envelope.

2) Radiative heat flux from the bottom surface of the glass to the reflector is the

second part and can be given as:
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oAx (T ~Te )

ref

(6.62)

qrad bottom—sref
l-¢ 1 1-6,4

+ +
S _F S . ¢

nn' gg nn'" bottom—>ref ref “ref

where Shn and Sref are the area per unit length of the bottom side of glass envelope and

reflector, respectively, as shown in Figure 6.8.

3) In the third part, the radiation heat transfer from the right and left surfaces of
glass to sky and reflector can be determined by radiation network method as shown in
Figure 6.9. Considering the symmetry between the right and left side of the glass surface,

study of one side will be sufficient.

sky

Jsky: Eb,sky

1
Sanf;':' ght—rsky

. . ref

Right side of “reflector
glass 1-5. Jright 1 Jref l-¢,
Sa}z'gs Scm 'Frfgf’efﬁ?’ef S?'ef &

Figure 6.9 Radiation network between the right side of glass and both of sky and
reflector.

Three equations are required to specify the third part of radiation heat transfer
from glass. Two of them are applied to determine the unknown radiosities, and the third
equation calculates the radiation heat transfer from the right and the left side of glass

envelope as follows:

Eb right J right Eb sky J right J ref J right
' +— + =0
1-¢, 1 1 (6.63)
San' 89 San' Ffight%Sky San' Frightaref
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Eb,ref - ‘]ref Eb,sky - ‘Jref ‘]right -J ref
1-e, ' 1 0 (6.64)

Sref & Sref Fref —>sky S F

ref anv right%ref

qrad,sidesasky,ref = 2San' I:Fright»ref (‘J right — J ref )+ Frightasky (‘J right — Eb,sky ):| (665)

where San is the area per unit length of the right side of glass envelope. Total radiation

heat transfer from glass envelop to sky and reflector is given as follows:

qrad,amb = qrad,up—>sky + qrad,bottom—>ref + qrad,sides—>sky,ref (6-66)

6.3.6 Thermal Efficiency

The thermal efficiency of the PTC is described as the ratio of useful energy gain
by HTF to solar radiation input to the system. The useful energy gain represents all

absorbed energy in HCE minus the energy losses to ambient by convection and radiation

and can be determined as:

noleaag n noleaagpabs n noleapsbsagpg

Ty s a

qu = nolea +

+770|bAapabspg -0, (667)

abs aabs

The outlet temperature from the segment as shown in Figure 6.7 can be calculated

from sensible energy gain as:

T =Tyt mq(l;p' (6.68)

Then, the thermal efficiency can be obtained as:

(6.69)
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6.4 Validation of The Numerical Approach

Above, we have presented a comprehensive energy model for a PTC system. The
model considers all heat transfer modes, including radiation and convection. A
numerical solution was built by the EES. The results obtained by the current model were
compared against two other studies, including: (1) the calculations reported by the
company [108], and (2) the experimental data of Sandia National Laboratory [123] and
the energy models proposed by NREL [64] and Zhen [124]. The calculations reported by
Soltigua and the design conditions include the following: direct normal irradiance (DNI)
of 900 W/m?, the inlet temperature of the Therminol-55 fluid at 142°C, and flow rate of
6 m3/hr. The number of sunny hours and the monthly average temperature were measured
by the State Meteorological Services in Turkey, and the data were gathered between
January 1, 2010 and December 31, 2016. The first comparison includes two tests. In the
first test (see results in a subsequent section), each loop of the proposed model produces
211 kW (Figure 6.18), while the design production is set to 200 kW. The second test
(Figure 6.10) highlights the monthly useful energy production of the current model and

the design [108].

In the same figure, the monthly average temperature of Aydin City is also
compared with that from the State Meteorological Services in Turkey. The current model
is in good agreement with the company design for most months. The inconsistent results
can be attributed to metrological data sources and design conditions. The design
conditions of the company model rely on the ambient temperature of 30°C. By contrast,
the current model was built by using experimental data considering a range of

temperatures, i.e., from heat transfer losses to ambient conditions. In addition, the current
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model relies on the actual number of sunny hours. Therefore, the results of the current

model are relatively more reliable because they are based on the current actual data.
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Figure 6.10 Useful energy of the PTC system and monthly average temperature for
city of Aydin, Turkey throughout the year.

The second validation is made against the experimental and theoretical tests
provided for the LS-2 solar collector as reported in [123]. This collector uses cermet
selective coating and vacuum conditions, and considered in the four tests. Figure 6.11
presents the estimates of the bulk temperature range from 100°C to 400°C and the thermal
efficiencies of the two models. As shown in Figure 6.11, the efficiency decreases
markedly when the bulk temperature of the working fluid increases. This finding
suggests that thermal efficiency is inversely proportional to HTF temperature, a
phenomenon caused by the rise of energy losses to the ambient. The model developed in

this work is in good agreement with these experimental tests.
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Figure 6.11 Comparison of thermal efficiency for present model and the other models.
6.5 Results and Discussions

A comprehensive energy analysis methodology is presented for PTC systems. A
system available at the Campus of Aydin Adnan Menderes University is analyzed to
determine its performance. The characteristics and operating limits of the PTMx-36
collector are listed in Table 6.1. The present model considers five gases in the annular
space and five selective coatings. The useful energy gain and components of energy
losses are obtained. The different effects of four common HTFs are also studied. The
variations in useful energy gain, energy losses, and thermal efficiency can be compared
under different operating and environmental conditions. The results are presented in the

following subsections.
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6.5.1 Gases Used in Annular Space

Two approaches are applied to reduce the convective heat transfer through the
annular space: by using a vacuum condition or by filling the annular space with a low
conductive gas instead of air. The information about the collectors is provided by the
manufacturing company without the vacuum conditions in the annular space between the
absorber and the envelope glass [108]. Thus, the convective heat transfer needs to be
considered along with the thermal properties of gases and the temperature of surfaces. In
addition to air, four gases are considered in our model. In Figure 6.12, shows the results
for Argon gas, which reduces the convection losses in the annular space from 68 W/m at
the beginning of the loop to more than 125 W/m at the end of the loop. By contrast, the
losses increase from 184 W/m to 333 W/m when hydrogen gas is used. Hydrogen gas is
not desirable to use, as it may also cause a permeation problem [64]. Therefore,

convective heat loss can be minimized by filling the space with Argon gas.

400
Therminol-55 1,=900 W/m® V,=6 m*hr T, =142 °C
—— Air
300  —O—Argon
—/— Helium
—+— hydrogen

—— Carbon dioxide

Convection loss through
annular space (W/m)
o
o

100

0 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140

Length (m)

Figure 6.12 Convection losses through annular space for five gases along line of each
loop.
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6.5.2 Selective Coatings of Absorber Surface

Spectrally selective coatings should be analyzed when the thermal performance
of a PTC is investigated. Table 4.2 presents the equations of emissivity as a function of
the outer surface temperature of the absorber with five selective coatings. To assess these
coatings, we should consider the thermal stability in the design conditions set by the
manufacturing company [108]. Figure 6.13 presents the emissivity of the five coatings

as a function of the temperature of the outer absorber surface.

Although the emissivity of all selective coatings increases along the line of the
PTC, the emissivity of NREL-6A coating in this investigation is lower than those of the
other coatings. The emissivity of NREL-6A slight increases from 0.025 to 0.03 at the end
of the loop, whereas the emissivity of Black Chrome gradually increases from 0.13 to
0.16. The radiation losses from the outer surface of the absorber through the annular
space are illustrated in Figure 6.14. The losses are strongly dependent on the optical
properties and temperature of the outer absorber and the inner envelope glass surfaces.
The radiation losses with the NREL-6A coating range from 8 W/m at the beginning of
the loop to 20 W/m at the end of the loop, whereas the radiation losses with the Black

Chrome coating range from 30 W/m to 95 W/m.
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Figure 6.13 Emissivity of outer absorber surface for five selective coatings along line
of each loop.
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Figure 6.14 Radiation losses through annular space for five selective coatings along
line of each loop.

107



The difference between the results of the outer surface temperature of the
absorber is minimum (Figure 6.15). As such, the NREL-6A coating is the least dependent
on the temperature among the compared coatings, although the emissivity is dependent
on the outer surface temperature of the absorber. Therefore, the NREL-6A coating is the
most thermally stable among all selective coatings considered. The results also indicate
that the temperature of the inner surface of the glass envelope depends on the selective
coating (Figure 6.16). The temperatures of the inner surface of the glass envelope are
between 59.5°C and 76°C with NREL-6A coating, whereas the temperatures with Black
Chrome coating are between 63°C to 84°C. Energy analysis should be performed to

determine the suitable temperature and achieve the lowest energy loss with a given

coating.
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Figure 6.15 Outer surface temperature of absorber for five selective coatings along line
of each loop.
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Figure 6.16 Inner surface temperature of glass envelope for five selective coatings
along line of each loop.

6.5.3 Useful Energy

Useful energy is an important parameter to assess the performance of a PTC, as
it shows the amount of energy transferred to the HTF. The modeling and design of PTC
system should consider the input solar radiation beam and the energy gain by in HTF, as

the outlet temperature of the HTF depends on the amount of solar energy absorbed.

The results obtained from the thermal analysis show the useful energy and the
components of energy losses in Figure 6.17. The optical losses are unaffected by the
length of the absorber because other factors, namely the intercept factor, incident angle
modifier, collector geometric factor, and radiative properties play more dominant roles
in optical losses. Furthermore, optical losses are unaffected by the temperature of the
outer surface absorber. Figure 6.17 shows that the convection losses increase remarkably

from 77 W/m to 141 W/m along the line of PTCs, whereas the radiation losses increase

109



from 113 W/m to 190 W/m. The losses caused by the radiative heat transfer are higher
than those caused by convection because energy loss via radiation is proportional to the

fourth power of the temperature of the outer absorber surface.
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Figure 6.17 Useful energy and components of losses energy along line of each loop.

The energy gains are presented in Figure 6.18. The pie chart shows that more than
two-thirds of the energy gain (67.4%) can be converted to useful energy, whereas less
than a third of consumed energy (32.6%) corresponds to the lost energy. Two types of
losses exist: optical and thermal losses. The optical losses account for approximately a
quarter of the energy gain (25.3%). Thus, the main losses are optical losses. The thermal
losses consist of the convection and radiation losses, thereby reaching 3.1% and 4.3%,

respectively. These results indicate that the main losses are due to the optical parameters.
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Figure 6.18 The amount and percentage of useful energy and components of losses
energy along line of each loop.

6.5.4 Effect of Heat Transfer Fluids

Figure 6.19 shows the results obtained from the energy analysis of the PTC with

four different HTFs. The two of the main characteristics of performance are thermal

losses to ambient and pressure losses through the fluid flow in the pipe. No significant

differences in the thermal losses (i.e., convection or radiation losses) are evident between

the different types of HTF. Figure 6.19 illustrates the significant effect of the HTF on

pressure losses. The effect of dynamic viscosity is the most dominant one. Consequently,

Therminol-59 causes a minimum pressure loss of 62 kW at each loop, whereas

Marlotherm-SH vyields a maximum pressure loss of 77 kW.
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Figure 6.19 The energy losses (convection and radiation) and pressure losses for four
type of heat transfer fluid.

The results of the thermal efficiency for the four HTFs are compared (Figure
6.20). The thermal properties of the HTF play a considerable role in the thermal
efficiency of the PTC because of its effect on the heat transfer coefficient. When the
length of the line increases, the thermal efficiency decreases because of the increase in
temperature. Therefore, the losses increase. Therminol-55 has the best thermal efficiency
ranging from 70.4% to 66%, whereas Marlotherm-SH demonstrates the lowest thermal
efficiency varying from 70.3% to 65%. The range of operating temperature of each HTF

is provided by the supplier.
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Figure 6.20 The thermal efficiency for four heat transfer fluids along line of each loop.

6.5.5 Effect of Operating Conditions

Various operating conditions are implemented to determine the parameter that is
strongly dependent on these conditions. The inlet temperature and flow rate of HTF and
wind velocity have remarkable effects on the thermal performance of the PTC. Figure
6.21 shows the results obtained when the HTF inlet temperature is changed. Increasing
the inlet temperature can further increase the energy losses but cause a decrease in useful
energy, and pressure loss.

Thus, increasing the inlet temperature reduces the thermal efficiency. For this
reason, an appropriate inlet temperature should be selected to achieve the maximum

thermal efficiency.
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Figure 6.21 The useful energy, losses energy, increasing temperature and pressure
losses for four inlet temperatures.

The impact of the HTF flow rate is shown in Figure 6.22, which is more
significant than that of the inlet temperature. Increasing the flow rate can increase the
useful energy and pressure losses but can reduce the temperature rise and the energy
losses arising therefrom. On one hand, increasing the flow rate can improve the thermal
efficiency. On the other hand, increasing the flow rate causes pressure losses. Therefore,
the pump capacity should be increased. Consequently, the operating point should be

selected at the optimal performance.
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Figure 6.22 The useful energy, losses energy, increasing temperature and pressure
losses for four flow rates.

As shown in Figure 6.23, the results suggest that the thermal efficiency is not
strongly correlated with the third parameter of operating conditions, that is, wind
velocity. The thermal efficiency changes approximately 1% when the wind velocity
increases from 0 m/s to 2 m/s. As a consequence of the increase in velocity, the
convective heat transfer coefficient increases. The outer surface temperature of the glass
envelope approaches to ambient temperature. Therefore, wind velocity does not affect

the thermal efficiency.
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Figure 6.23 The thermal efficiency for four values of wind velocity along line of each

loop.

6.6 Summary

This Chapter aims to assess the performance of an existing PTC system through
a comprehensive energy analysis. A model was constructed which accounts for all optical
components and the heat transfer modes. The optical properties of the selective coatings
and the thermal properties of the HTFs are included in the model. The results obtained
from the current model were compared with the calculations provided by the
manufacturer of the PTC system and against the other results obtained from experimental
tests and analytical models. The results indicate that the two-dimensional model is

necessary to assess the performance of PTC systems.

Without vacuum conditions, the gas in the annular space can play a significant
role on the convection losses. Also, the spectral emissivity of selective coatings is a

significant parameter for the accurate calculation of the system efficiency by
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demonstrating the radiation losses from the surface of the absorber. The optical losses
are independent on the length of the loop and accounted for the largest percentage of all
losses. The second largest percentage of losses due to the thermal processes which are
attributed to the rising temperature of the outer surface of the absorber as the length of
the loop increases. Therefore, the thermal efficiency of the PTC is reduced along the line
of the loop. In addition, the effect of operating conditions on the performance of a PTC
system is significant. Among different parameters, the effects of inlet temperature and
wind velocity are directly proportional to the energy losses, whereas the flow rate is

inversely proportional to the same.
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CHAPTER VII

RADIATIVE EXERGY PERFORMANCE ANALYSES OF A
PTC SYSTEM

7.1 Exergy Model

A complementary approach to study the performance of PTC is by exergy
analysis, which allows designers to decrease the exergy consumption during processes
to enhance the thermal performance of the PTC. The exergy balance can be expressed as

[17]:
Exergy input — Exergy output — Exergy consumption = Exergy accumulation (7.1)

The surface temperatures of the inlet and outlet for the segment of the receiver
can be considered constant. Therefore, the thermodynamic properties are not changed
with respect to time. For this reason, the analysis is under a steady state. The exergy

accumulation is neglected, and the exergy balance for PTC becomes:

Exergy input — Exergy output — Exergy consumption =0 (7.2)

The last term in Eq. (7.2) presents the exergy losses and exergy destructions.
Exergy consumption should be decreased for two reasons. First, they are unwanted and
second, improving the performance of the solar collector is crucial. The exergy
destruction is produced by the irreversibility of thermal processes while the exergy losses
describe the heat transfer losses to the surrounding and having an optical error. The
exergy analysis for PTC is shown in Figure 7.1. Exergy analysis is based on energy

analysis which presented in Chapter six.
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Figure 7.1 Exergy balance for receiver subsystem.

The maximum efficiency associated with radiation heat transfer is consistently
less than the maximum efficiency related to conduction and convection heat transfer.
That is, the losses caused by radiation heat transfer are higher than those produced by
other modes of heat transfer because energy transfer via radiation is proportional to the
fourth power of the temperature. For this reason, we use two formulas to obtain the
exergy of heat transfer modes, as described in Chapter two, Eq. (3.35) used to obtain the
exergy from converting radiation heat transfer to work. The second approach uses the
Carnot efficiency expression (7y) for calculating the exergy only due to conduction and

convection heat transfer modes; the expression is [12]:

T
M :1_?5‘ (7.3)

The form of specific exergy (ex) in open system with negligible potential energy can be

determined as [114]:
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ex=[(h—ha)—Ta(s—sa)+V?2j (7.4)

For an incompressible matter, the enthalpy change and entropy change from

initial to the final state are obtained as [88]:

h—h, =[dh=[c,dT =c,(T-T,) (7.5)

dT T
s—sa:J.ds:J.cp?d:plnT— (7.6)

a

7.1.1 Exergy Balance for Reflector Subsystem

The captured energy by reflector is obtained as:

qin = IbAa (7-7)

The exergy receives by the reflector (Exinrer) includes only solar radiation, as

expressed as follows [125]:

T,T2-T}
EXin,ref = qinl// = IbAa [1_%((_?_;—1_4&))} (78)

The exergy output from the reflector toward the receiver (EXoutref) is 0Only one part
related to solar radiation, as expressed as follows:

4 (-I-a-l-&i3 _Ta4>

EXout,ref = qabsl// = IbAano 1-—

BW (7.9)
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The exergy consumption (EXconsrer) due to radiation transfer from the Sun to
selective surface and heat losses, which consist two components (convection and

radiation) is expressed as [126]:

EXcons,ref = EXd,ht,ref + EXI,conv,ref + EXI,rad,ref (7-10)

The first part of exergy consumption is the exergy destruction (EXq ntref), Which has been
produced as a result to solar radiation transfer from the source (Sun) to sink (selective

surface), which can be expressed as:

(-I-a-l-&i3 _Ta4) (TaT53 _Ta4)
(Ts,i4 _Ta4) p <T54 _Ta4)

4
EXd,ht,ref :g IbAano (711)
The heat losses from reflector to ambient and sky by convection and radiation,

respectively. They can be computed by:
qconv,ref = 2'Ah:f h (Tref _To) (712)

Qrad,ref = gref O_A'ef (Tref4 _Tsiy) (713)

where Arer is the surface area of reflector, h is the convection heat transfer coefficient
(typically is 10 W/m? K) [127]. Tre is the temperature of reflector. erer is the mirror
emissivity( is 0.85) [110]. Exergy losses due to convection (EXi,conv,ref) and radiation
(EXi,rad,ref) heat transfer modes from the reflector to ambient and sky, respectively, can be

given:

ref

T
EXI,conv,ref = qconv,ref m = 2'A\'ef h (Tref _Ta ){1_ T : } (714)
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4(TT T

a - ref

3] (7.15)

4 4
EXI,rad,ref = qrad,ref l// = gref GA'ef (Tref _Tsky) 1

7.1.2 Exergy Balance for Receiver Subsystem

Exergy analysis of receiver can be applied, as shown in Figure 7.2. The
irreversibility processes and energy losses can be defined. Moreover, the exergy
efficiency is derived. The exergy input to the receiver (EXinrec) includes two parts. The
first part is the exergy of matter (EXin f,rec), Which is due to heat transfer by the incoming
fluid to the receiver. The second part of the solar radiation exergy (EXin,rad,rec), Which is

absorbed by selective coating, can be calculated as:

2

EXip rec =M ((hin,i _ha)_Ta (Sin,i —Sa ))[—’_\%J—’_ I, A, 1_5% (7.16)

For incompressible substances, Egs. (7.5) and (7.6) are substituted into (7.16),

which can be rewritten as:

T v 4 (T,T, 2T
EXin,rec =m {(Cp,i [(Tml _Ta)_Ta In Ta j]-'_?J-i_ IbAano 1_§ﬁ (717)

The exergy output from the receiver (Exoutrec) IS One part related to exit HTF from

the solar receiver. The total exergy can be determined as:

Tout,i Voit
EXout,rec =m Cp,i (Tout,i _Ta)_Ta InT_ +7 (718)

122



EX| rad.rec EXLODJEC EXi convrec
Cover glass EXinrag rec
Selective coating | .

Pin Tin ‘ EXd,Ap,rec : EXgain : EXa nt rec _: Pout Tout
EXinfrec = ———_—c——-——i————-———-:r——-————— » EXout rec
—_— . 1 . 1 . —r
hin Sin . ] i-1 | i | i+1 —+ hou Sout
! 1 !

i 1 CV
L

Figure 7.2 Schematic of exergy balance for the receiver.

In the receiver of PTC, the exergy consumption (EXconsrec) is expressed by the
exergy destruction (Exdrec) and exergy losses (Exirec). The exergy consumption is as

follows [83]:

EX = EXj ree TEX e (7.19)

cons,rec

The exergy is destroyed because of the heat transfer of solar radiation from the
Sun to the selective coating surface and the transfer of heat from the surface of the pipe
to the fluid. The friction of viscous fluid can have a considerable effect for destroying

exergy, as expressed as follows [128]:

EX = +EXy pp rec (7.20)

d,rec = d,ht,rec

The mechanisms that generate entropy through the receiver results from

irreversibility. The differential expression of the second principle of thermodynamics in
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an open system includes the specific enthalpy and energy flow. This expression is also

known as the Gibbs relation, which can be expressed as follows as [88]:

Tds = dh—vdp (7.21)

The specific exergy (ex) as a function of temperature and pressure can be
considered to derive the total differential of change in specific exergy, which can be

written as follows:

dex:(@j dT + oex dp (7.22)
oT J, op ).

The partial derivative of the temperature and pressure of Eqgs (7.5), (7.6) and (7.21) at a
constant velocity and incompressible fluid flow, can be applied with respect to 7 and p,

respectively as shown as follows:

C
(@j :[ﬁ_hj _Ta[ﬁj ZCp—Ta—pZCp(l—T—aj (7.23)
or ), \aT ), aor ), T T

SRERERERITEE R
op ); op ); op ); op ); T\op) T )
By substituting Eqgs. (7.23) and (7.24) into Eq. (7.22). Then, the change in specific exergy

1s obtained as:
d T d d
ex=c, 1—? T +vdp (7.25)

As shown in Figure 7.2, the exergy balance for the receiver in a control volume

at steady state can be expressed as:
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5Exin,rec _5Exout,rec _5Excons,rec =0 (7.26)

As mentioned earlier in Eq. (7.16), the exergy input to receiver (EXin rec) involves
two components. That is, the incoming fluid to the receiver has exergy of matter, and the
exergy of the solar radiation is absorbed by selective coating and then, transferred to fluid
as useful heat. The change of exergy of fluid between input (0ExXinrec) and output
(0Exourrec) of the receiver can be computed by multiple changes in specific exergy by a
mass flow rate in Eq. (7.25). Moreover, the significant heat gain through the wall of the
pipe can lead to increase in the fluid temperature. Consequently, when the temperature
increases according to Newton’s law of cooling, the change of temperature will be
nonlinear. Therefore, the arithmetic means cannot describe the actual mean temperature,
whereas logarithmic mean temperature can accurately lead to mean temperature [129].

Then, Eq. (7.26) can be rewritten as:

m (cp (Tl'_a —1) dT —vdpj—éExconsyrec +mc,dT (1—1_—"1} =0 (7.27)

3

The logarithmic mean temperature can be used to simplify Eq. (7.27). Hence, the
exergy destruction (EXq,rec) can be calculated as:
L

=T
0“"—”")} —m VAp+EX, . (7.28)

in,i

T

3,

Excons,rec =m Tacp [In (Tout,i /T

From the right side of Eq. (7.28), the first part presents to exergy destructions due
to heat transfer by gradient of temperatures through radial axis of a receiver, whereas the
exergy destructions caused by viscous fluid computes by the second part. The exergy
losses (Exirec) describe the optical error and the heat transfer losses to the ambient and

sky. The total exergy losses from the receiver can be computed as follows:
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Ex .. =EX + EX + EX (7.29)

1,rec 1,0p,rec 1,conv,rec 1,rad,rec

The first part is exergy losses due to optical error (EXioprec), Which are produced by

several factors included in optical efficiency and obtained as:

TT.3-T/
SR PRE LU

2 (T3,i4 _Ta4) (7.30)

The losses come from the receiver to the ambient and sky by convection and radiation,
which is presented in Chapter six. The second and third parts on the right side of Eq.
(7.29) are exergy losses that result from heat losses of an outer cover glass of the receiver
to the ambient and sky by convection and radiation heat transfer modes, which can be

expressed as follows:

Ta
EXI,conv,rec = qconv,ambnll = qconv,amb (l__J (731)
T5,i

4 (TaTS,i3 _Ta4)

EW (7.32)

EXI,rad,rec = qrad,ambl// = qrad,amb 1_

Then, Eq. (7.19) can be rewritten with all components of exergy consumption as:

Ex =Exd + Ex

cons, rec d,ht,rec

+EX + EXx + EXI,rad,rec (7.33)

d,AP rec 1,0p,rec 1,conv,rec

Exergy gain accumulates exergy by HTF through the receiver that absorbs solar radiation

by selective coating.
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7.1.3 Exergy Balance for PTC

The exergy input (Exinptc) to PTC comprises solar radiation. Exergy input is the

same term of exergy received by the reflector and is expressed as:

4 (TaT53 _Ta4)
EXin,ptc = EXin,ref = IbAa 1_§W (734)

The exergy gain to PTC includes the exergy difference between output and input
exergies for HTF. Exergy consumption (EXconsptc) includes all exergy destructions and
exergy losses from the reflector and receiver, Egs. (7.10) and (7.20) demonstrate that

total exergy consumption of the PTC. Thus, the following equation is obtained:
EXcons,ptc = EXd,ptc + EXl,ptc (7-35)

The exergy efficiency of the PTC described the ratio of exergy output as exergy
gain by HTF to solar radiation exergy input to the reflector. However, the previous
definition of exergy efficiency cannot exhibit the destruction and loss of exergies, which
are important in characterizing the reasons and positions of these consumptions. Hence,
the exergy efficiency can be considered as a function of exergy consumption

components. Then, the exergy efficiency of PTC can be obtained as:

Ex

cons, ptc
nex,ptc =1- Ex g (736)

in, ptc

A dimensionless fraction exergy term is used to define how much the ratio of each
parameter of exergy consumption is to incoming radiation exergy (EXinptc). Then, the

exergy efficiency can be rewritten as:

Moxpte = 1= Ex* (7.37)

cons, ptc
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where EX"consptc is a dimensionless fraction of exergy consumption (EX”cons,ptc=

EXcons,pte/EXinptc). IN the same way, all components of exergy consumption in Table 7.1.

Table 7.1 Dimensionless exergy fractions of exergy consumption for PTC.

Dimensionless exergy fractions Functions Equations
EX* EXd ,ht,ref
Exergy destructions of solar radiation transfer from Sun d,ht,ref Ex
in, ptc
EX* EXI ,conv, ref
Exergy losses due to convection losses from reflector I,conv, ref Ex
in, ptc
E * EXI ,rad,ref
Exergy losses due to radiation losses from reflector X I,rad, ref Ex
in, ptc
. . Ex
Exergy destructions due to heat transfer by gradient Ex* d ht,rec
d,ht,rec Ex
temperatures through receiver in, ptc
E # Exd ,AP rec
Exergy destructions caused by viscous fluid through receiver X d,AP,rec Ex
in, ptc
EX* EXI,op rec
Exergy losses due to optical error 1,0p,rec Ex
in, ptc
E * EXI ,conv, rec
Exergy losses due to convection losses from receiver X I,conv,rec Ex
in, ptc
E ® EXI rad,rec
Exergy losses due to radiation losses from receiver X I,rad,rec Ex
in, ptc

7.2 Results and Discussion

A detailed exergy analysis is presented the first time for an actual PTC system
based on radiative exergy concept. In this approach, PTMx-36 collector is used. Five
gases in annular space, five selective coatings of the absorber are investigated. To assess
the performance, dimensionless fractions of exergy consumption are used. The
comparative exergy work for four working fluids is outlined. Various operating
conditions are also studied. The results obtained from this approach are presented in the

following subsections.
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7.2.1 Gases Used in Annular Space

Without considering vacuum conditions in the analysis, Air, Argon, Helium,
Carbon dioxide and Hydrogen in annular space are used. Figures 7.3 to 7.6 show the key
parameters of exergy, including, exergy losses, destructions, consumption, and
efficiency, respectively, for a PTC system, after filling annular space with five different
gases. The exergy losses for these gases are presented in Figure 7.3. In general, the most
likely cause of increasing exergy losses along the line of each loop is the rising
temperature of the absorber surface. The minimum exergy losses are obtained by Argon
from 239 W/m at the beginning of the loop to 343 W/m at the end. By contrast, Hydrogen
increases the exergy losses from 264 W/m to391 W/m. Figure 7.4 presents the exergy
destructions along the line for each loop for five gases. For the examined gases,
one reason why exergy destructions have increased due to the inverse proportionality
between the temperature of the absorber surface (sink temperature) and exergy

destructions.

The differences in exergy destructions of five gases are at a minimum. Although
the exergy losses increase along the line of the pipe, the exergy consumption decreases
(Figure 7.5) because the exergy destruction is higher than the exergy losses. For Argon
gas, at the beginning of the line of the loop, the exergy losses are 239 W/m, and the
exergy destruction is 2420 W/m as shown in Figures 7.3 and 7.4, respectively. This
means that the length of the lines is an independent parameter. The lowest exergy
consumption is achieved by Argon whereas the highest can be found by using Hydrogen
gas as seen in Figure 7.5. The exergy efficiencies are illustrated in Figure 7.6. The
efficiencies are not significant considering the exergy losses and are strongly dependent

on exergy destructions. The exergy efficiency for Argon ranges from 33.1% at the
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beginning of the loop to 37.5% at the end of the loop, whereas the exergy efficiency with

Hydrogen ranges from 32.6% to 36%.
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Figure 7.3 Exergy losses through annular space for five gases along the line of each loop.
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Figure 7.4 Exergy destruction through annular space for five gases along the line of each
loop.
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Figure 7.5 Exergy consumption through annular space for five gases along the line of
each loop.
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Figure 7.6 Exergy efficiency through annular space for five gases along the line of each
loop.

7.2.2 Selective Coatings of Absorber Surface

One parameter that affects the assessment of PTC system is the type of selective
coatings for the absorber surface. Black Chrome, Luz Cermet, UVAC-A, UVAC-B and
NREL-6A selective coatings are used in the analysis. Figures 7.7 to 10 show the exergy
losses, destructions, consumption, and efficiency, respectively, for PTC system after
using selective coatings for the absorber surface. As shown in Figure 7.7, the exergy
losses for all selective coatings increase along the line of the loop because of the
increasing temperature of the absorber surface. NREL-6A increases the exergy loss along
the line of the loop from 225 W/m at the beginning of the loop to 323 W/m at the end,
which is the lowest value. By contrast, Black Chrome leads to the highest exergy loss,
which increases from 261 W/m to 371 W/m. The exergy destructions along the line for
each loop is illustrated in Figure 7.8 for the five selective coatings. The exergy

destructions gradually decrease due to the increasing temperature of the absorber surface.
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The exergy destructions of NREL-6A and Black Chrome decrease from 2465 W/m to

2160 W/m and from 2352 W/m to 2080 W/m, respectively.

As can be seen from Figure 7.9, the exergy consumption decreases because the
exergy losses are less than the exergy destructions along the line of the pipe. For NREL-
6A, the exergy consumption decreases from 2690 W/m to 2483 W/m at the end of the
loop. For Black Chrome, the exergy consumption decreases from 2613 W/m to 2451
W/m, which is the lowest value. The exergy efficiencies of selective coatings are
presented in Figure 7.10. The efficiencies are not significant considering the exergy
losses and strongly dependent on exergy destructions. The exergy efficiencies for NREL-
6A and Black Chrome range from 32.2% at the beginning of the loop to 37% at the end
of the loop and from 34.2% to 38.1%, respectively. For example, at a length of 120 m,
the exergy efficiency of Black chrome coating is more than 0.6% of the exergy efficiency
for Luz Cermet and UVAC-B coatings while the exergy efficiency of Black chrome
coating is more than 1.1% of the exergy efficiency for UVAC-A and NREL-6A coatings.
These results suggest that it is very important to use selective coatings for such systems,
and NREL-6A is the least exergy losses and the highest exergy destructions because of
decreasing the outer surface temperature of the annular glass and the absorber,
respectively. For that reason, for important of PTC systems, new and more effective

selective coatings should be developed.
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Figure 7.7 Exergy losses through annular space for five selective coatings along the line
of each loop.
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Figure 7.8 Exergy destruction through annular space for five selective coatings along
the line of each loop.
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Figure 7.9 Exergy consumption through annular space for five selective coatings along
the line of each loop.
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Figure 7.10 Exergy efficiency through annular space for five selective coatings along
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7.2.3 Dimensionless fractions of exergy consumption

These fractions of exergy consumption are significant keys for evaluating the
performance of a PTC system. Table 7.1 presents the exergy consumption components
as a percentage of the incoming radiation exergy. The exergy fractions are an important
complementary tool for determining exergy destructions and losses. The reason of this,
the dimensionless parameter describes the percentage of each component from the
incoming radiation exergy. Therefore, the importance of these components can be

presented.

The results show the fractions of exergy consumption in Figure 7.11. The fraction
of exergy destructions of solar radiation from sun and exergy losses due to convection
and radiation losses from reflector are unaffected by the length of the absorber because
of the constant temperature of the reflector. However, the remaining fractions of exergy
consumption are dependent on the absorber surface temperature. Figure 7.11 shows that
the highest fraction of exergy consumption due to solar radiation exergy along the line
of loop is 60%, whereas the exergy losses fraction caused by the viscous fluid is the
lowest (0.1%). The exergy losses caused by the convective heat transfer are higher than

those caused by radiative for both of the reflector and the receiver

The percentage fractions of exergy consumption are presented in Figure 7.12. The
pie chart shows that more than 86% of the exergy consumption is due to solar radiation
transfer, whereas 0.05% of exergy consumption results from the viscous fluid through
the receiver. The two types of exergy consumption are destructions and losses. The
exergy destruction fractions account for more than 88.3%. Thus, the main fraction of
exergy consumption is exergy destructions. The exergy losses consist of the pressure

drop, convection losses, and radiation losses and reach less than 11.7%.
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7.2.4 Heat Transfer Fluids

Another parameter investigated to assess the performance of the PTC system is
the HTF. Therminol-55, Therminol-59, Dowtherm-MX, and Marlotherm-SH are
considered in the present analysis. Figure 7.13 illustrates the results of the exergy analysis
of the PTC with four different HTFs. The two parameters of exergy consumption
(destructions and losses) are considered. No significant differences in these parameters
(i.e., destructions or losses) are evident among the different types of HTF. Figure 7.13
shows the significant effect of the exergy destructions which is the most dominant.
Dowtherm-MX leads to the lowest exergy destructions of 162.9 kW at each loop, and

Marlotherm-SH and Therminol-59 yield the minimum exergy losses of 21.2 kW.

Figure 7.14 shows the comparison of exergy efficiency among the four HTFs.
When the length of the line increases, the exergy efficiency increases because of the
increase in the absorber surface temperature. Therefore, the exergy destructions decrease.
The difference in the exergy efficiency among the HTFs is minimal. Therminol-59
exhibits the best exergy efficiency of 33.3% at the beginning of the line, whereas

Dowtherm-MX has the highest value of 37.6% at the end of loop.
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Figure 7.14 Exergy efficiency for four heat transfer fluids along the line of each loop.
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7.2.5 Operating Conditions

Analysis under different operating conditions can be conducted to determine the
most affected parameter. Inlet temperature, HTF flow rate, and solar irradiance have
remarkable effects on the exergy efficiency of the PTC system. Figure 7.15 presents the
exergy efficiencies obtained at various inlet temperatures. Increasing the inlet
temperature decreases the exergy destructions and thus increases the exergy efficiency.
At the beginning of the line of loop, increasing the inlet temperature from 80°C to 170°C
increases the exergy efficiency from 27.2% to 35.1%. At the end of the line, the exergy
efficiency increases from 33.2% to 37.2%. At a length of 120 m, the exergy efficiency
of the inlet temperature (170°C) is more than 5.2% of the exergy efficiency when the

inlet temperature is 80°C.

The effect of the HTF flow rate (Figure 7.16) is less significant than that of the
inlet temperature. Increasing the flow rate decreases the exergy efficiency and the
absorber surface temperature. Therefore, the exergy destructions increase and the exergy
efficiency decreases. Here, at a length of 120 m, the exergy efficiency of the flow rate (4

mé/hr) is more than 2.5% of the exergy efficiency when the flow rate is 10 m%/hr.

As shown in Figure 7.17, exergy efficiency is strongly correlated with the third
parameter of the operating conditions, namely, solar irradiance of more than 250 W/m?2.
The exergy efficiency increases from 33% to 37.8% when the solar irradiance is 1000
W/m?. As a consequence of the increase in the solar irradiance, the outer surface
temperature of the absorber increases. The main exergy consumption (exergy
destruction) decreases, leading to increased exergy efficiency. For example, at a length
of 120 m, the exergy efficiency of the solar irradiance (1000 W/m?) is more than 4.4%

of the exergy efficiency when the solar irradiance is 250 W/m?.,
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Figure 7.15 Exergy efficiency for four values of temperature along the line of each loop.

40

2.5% change in exergy efficiency

38 “/D

Exergy efficiency (%)

. 3
32 =V, =4 m'/hr
—O—V,=6 m’/hr
—/—V,=8 m’/hr
—C0— V=10 m’h
1

. Theminol-55 1,=900 W/m* T, =142°C

30

1 1 1 1 1
0 20 40 60 80 100 120 140
Length (m)

Figure 7.16 Exergy efficiency for four values of flow rate along the line of each loop.
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Figure 7.17 Exergy efficiency for four values of solar irradiance along the line of each
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7.3 Summary

The aim of this Chapter was to investigate the radiative exergy performance of a
PTC system. A comprehensive analysis was performed based on the key parameters of
exergy analyses including the exergy losses, destructions, consumption, and efficiency.
The results were investigated for five different gases in the annular space, five different
selective coatings of absorber surface, and four working fluids all considered using a
two-dimensional model. The results show that the main part of exergy consumption is
the exergy destructions that produced from solar radiation transfer from the Sun. On the
other hand, the effect of the pressure drop in the exergy consumption and efficiency is
no significant. That means, the model presented in this Chapter would be essential for

evaluating the exergy consumption components and their effect on the performance of

PTC systems.
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The gas in the annular space plays a significant effect on the exergy consumption
and exergy efficiency. This effect dominates the exergy losses due to convection losses
which, in turn, affects the performance of a PTC system. The best gas is determined to
be Argon. Also, the selective coating is a significant parameter which affects the exergy
consumption and exergy efficiency by changing the absorber surface temperature.
Among several coating considering here, the best coating is deemed to be Black Chrome.
In addition, the type of HTFs has a minimum effect on exergy consumption and exergy

efficiency. The best HTF is found to be Dowtherm-MX

This work may confirm the effects of operating conditions on the exergy
performance of PTC. The flow rate is inversely proportional to exergy efficiency,

whereas the inlet temperature and solar irradiance are directly proportional to the same.
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CHAPTER VIII

CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE STUDIES

This dissertation has provided a deeper insight into the radiative energy and
exergy analysis of CSP systems, and had five distinct objectives: the first objective was
to establish a new methodology for the derivation of a new maximum efficiency
expression. The radiative performance of spectrally selective coatings for CSP systems
was the second objective. The third objective was to establish a new methodology for
predicting spectral solar radiation exergy. To achieve the fourth objective, thermal and
radiative performance of a PTC system was investigated thoroughly. Finally, the PTC
was assessed based on spectral radiative exergy concept. The methodology for the

dissertation is shown in Figure 8.1.
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The major findings of the dissertation and recommendations for the future works

are summarized below.
8.1 Maximum Efficiency for Solar Radiation

The maximum radiative efficiency expressions are derived The conclusions of
this Section are:

A. In the energy term to determine the maximum radiative efficiency, the temperature
of the environment should be taken into account. This is important for applications
which have relatively low-temperature differences with the surrounding, in order to
obtain more reliable results.

B. The model deals with an enclosed system that comprises a radiation source and an
absorbing sink. Such system is more feasible than the system that involves a
cylinder-piston unit.

C. Comparisons with other studies show that the result obtained in the current

formulation is similar to those of other approaches that involve thermal radiation.

8.2 Radiative Performance of Spectrally Selective Coatings for CSP
Systems

The radiative performance of spectrally five selective coatings for CSP systems
is assessed using radiative energy and radiative exergy analysis models. This analysis is
original, as it is carried out in spectral sense the very first time, to our knowledge. The
following observations are:

A. Based on two blackbodies, one as a source (T=5800 K) and the other as a receiver
(T=700 K), the importance of maximum spectral radiative efficiency is clearly
supported by the current model, which is based on the spectral behavior of materials

as a function of wavelength. The highest value of the maximum radiative efficiency
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is found to be 94% in the spectrum of solar radiation, while the lowest value is 84%,
which occurs in the infrared region. These results indicate that radiative exergy
losses mostly occur in the infrared region for specific coatings used. This can be
altered by changing the spectral absorption of coating.

. The variations for spectral radiative energy and radiative exergy efficiencies are
found to be similar to the variation of spectral emittance for all selective coatings.
The highest values of efficiencies for selective coatings are obtained in the solar
radiation waveband, while the lowest radiative efficiencies are found in the infrared
waveband. The quantity of radiative energy profit at a specific wavelength can be
obtained by measuring spectral radiative energy efficiency; while the quality of this
radiative energy is determined by spectral radiative exergy efficiency. The spectral
radiative energy and radiative exergy gains have peak values for all selective
coatings at the wavelength of 500 nm. The greatest radiative energy and radiative
exergy gains were observed for NREL-6A coating, while UVAC-B coating has the
lowest radiative energy and radiative exergy gains. Spectral radiative energy gains
cannot be completely converted to useful work because radiative energy is destroyed
through the irreversible process of entropy generation due to emission. Spectral
radiative exergy gain, however, can be described as entirely useful work. Therefore,
radiative exergy gain can be used to represent how much maximum work can be
converted from solar radiation. In addition, spectral radiative exergy gain is always
less than spectral radiative energy gain. That said, the true value of the impact of a
coating can be measured with the help of radiative exergy gain.

. The results obtained under direct normal solar spectral radiation, which has not been
previously described, are more reliable and can be used for practical applications.

The best overall efficiencies and gains in radiative energy and radiative exergy
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analyses were obtained for NREL-6A, while the lowest values are calculated for Luz
Cermet. The comparison between the coatings highlighted an unexpected difference
between radiative energy and radiative exergy results. The radiative exergy was less
than half of the radiative energy regarding efficiency and gain values, showing the
significance of how much availability of solar energy can be converted to useful
work. Note that the irreversibility on coating surfaces can also play an important role
in destroying exergy.

D. Operating temperature contributed significantly to thermal stability. Within the
temperature range of 325 K to 800 K, NREL-6A achieved the best thermal stability
and the highest levels of radiative energy and radiative exergy efficiency values. In
contrast, Black Chrome coating gave the poorest performance of all the coatings

considered in this work.

8.3 The Prediction of Solar Radiation Exergy

The third objective of the present work was to establish a new methodology for
predicting solar radiation exergy. In addition, the aim was to construct empirical models
as reliable predictors of the exergy value of the monthly average daily horizontal
radiation in Iraq and Turkey. The major findings are summarised as follows:

A. The proposed expression in Chapter two for the maximum efficiency shows no
notable difference with other formulas that involve the radiation effects. The results
of the Jeter’s approach are approximately 2% higher than those of the other
approaches (Petela, Spanner, and Proposed expression, see Table 3.1), which are
consistent with the predicted effect of radiation transfer. This means, the losses
caused by radiation heat transfer are higher than those resulting from the other modes

of heat transfer because the energy transfer via radiation is proportional to the fourth
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power of the temperature. However, the present approach is more reliable for the
extreme conditions as it is based on more fundamental physics.

. When the Eq. (3.35) is used, the maximum conversion efficiency varies between
0.934 and 0.928 from January to August in Karbala, Iraq. The highest and lowest
efficiencies are 0.934 and 0.929, which are obtained in February and July,
respectively, in Shatra, Iraq. The maximum efficiency in Istanbul, Turkey changes
from 0.935 in January to 0.931 in July. Similarly, the efficiency calculated for Aydin,
Turkey is 0.935 in January and 0.930 in June. The monthly variations of maximum
conversion efficiencies are quite small. However, comparison of the calculation
results shows that the expression developed is the most accurate of the ones
considered in this work, and can be used later for more reliable economical analysis.
. The R’ of Model 4, values are precise in estimating exergy value of the horizontal
global radiation. Similarly, the R’ values of Model 5 can provide additional evidence
on the effects of weather condition parameters on the accuracy of empirical models
based on measurements in Iraq and Turkey.

. The statistical parameters (RMSE, MBE, MABE, MPE, MAPE, and t,) show that the
proposed empirical models can be adopted in Iraq and Turkey for academic and

industrial applications. The new proposed model, i.e., Model 5 seems to be the best.

8.4 Thermal and Radiative Performance of a PTC System

The fourth objective of this work is to assess the performance of an existing PTC

system through a comprehensive energy analysis. A model was constructed which

accounts for all optical components and the heat transfer modes. The optical properties

of the selective coatings and the thermal properties of the HTFs are included in the model.

The results obtained from the proposed model were compared with the calculations
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provided by the manufacturer of the PTC system and against the other results obtained

from experimental tests and analytical models. The findings of the present work and the

relevant Conclusions reached are listed below:

A. A complete thermal-radiative energy analysis of an existing PTC system is
performed. The reflected and absorbed components of solar radiation between the
outer surface of the absorber and the inner surface of the glass envelope are
considered. The shape factor between the glass envelope, the reflector, and the sky
are accounted for in the calculations. These components are quantitatively analyzed
to identify and characterize the heat transfer modes and consequently allow us to
reach to reliable results.

B. The results indicate that the two-dimensional model is necessary to assess the
performance of PTC systems, as the heat transfer depends on temperature in both
axial and radial axes. The present model allows how to consider the changes in the
thermal properties in two dimensions.

C. Without vacuum conditions, the gas in the annular space can play a significant role
on the convection losses. It was observed that the gases in the annular space affect
the energy losses in a considerable amount and affect the performance of a PTC
system.

D. The spectral emissivity of selective coatings is a significant parameter for the
accurate calculation on the system efficiency by demonstrating the radiation losses
from the surface of the absorber. The spectral radiative properties of the selective
coatings are dependent on the temperature of outer surface of absorber. While, the
temperature of the inner surface of the glass envelope depends on the spectral

radiative properties of these coatings.
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E. The optical losses are independent on the length of the loop and accounted for the
largest percentage of the losses. While, the second largest percentage of losses are
the thermal losses which attributed to the rising temperature of the outer surface of
the absorber as the length of the loop increases. Therefore, the thermal efficiency of

the PTC is reduced along the line of the loop.

8.5 Thermal and Radiative Exergy Performance of a PTC System

To achieve the fifth objective of this dissertation, the exergy performance of a

PTC system was investigated. A comprehensive analysis was conducted which accounts

for all key parameters of exergy consumption components. The work is specifically

focused on determination of exergy efficiency and particularly on spectral radiative
exergy analysis. For this, a series of fundamental expressions are derived. The results
were obtained for five different gases in the annular space, five different selective
coatings of absorber surface, and four working fluids all considered using a two-
dimensional model. The findings of this study contribute in several ways to our
understanding of exergy analysis and provide a basis for optimizing the performance for

a PTC system. The major findings are summarised as follows:

A. A detail exergy analysis is presented for a PTC system based on energy analysis.
Exergy analysis cannot be a substitute for the energy analysis, yet it provides a
complementary tool to determine the useful work and unrecoverable losses, that lead
to improving the system.

B. The key parameters of exergy analyses include exergy losses, destructions,
consumption, and efficiency. These parameters are quantitatively analyzed to

evaluate and characterize the exergy model.
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. Based on the two-dimensional model, the results show that the main part of exergy
consumption is the exergy destructions that produced from solar radiation transfer
from the Sun. On the other hand, the effect of the pressure drop in the exergy
consumption and efficiency is no significant. That means, the present model is
necessary for evaluating the exergy consumption components and their effect on the
performance of PTC systems.

. The gas in the annular space plays a significant effect on the exergy consumption
and exergy efficiency. This effect dominates the exergy losses due to convection
losses which consider and affect the performance of a PTC system. The best gas is
determined to be Argon.

. The spectrally selective coating is a significant parameter affects the exergy
consumption and exergy efficiency. Its impact depends on the absorber surface
temperature, as the spectral radiative properties of the selective coatings are
dependent on the absorber surface temperature. Therefore, this parameter controls
the radiation losses from the surface of the absorber and the exergy efficiency, and
can be determined only if a spectral analysis is carried out. The best coating is
deemed to be Black Chrome.

. Type of HTFs has a minimum effect on exergy consumption and exergy efficiency.
The best HTF is found to be Dowtherm-MX

. This study may confirm the effect of operating conditions on the exergy performance
of PTC. The flow rate is inversely proportional to exergy efficiency, whereas the

inlet temperature and solar irradiance are directly proportional to the same.
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8.6 Recommendations Future Works

Further studies on the spectral analysis of different spectrally selective coatings
should be done for solar power systems. Such work should also include the effects of

coupled heat transfer problem with convection and radiation.

In addition, additional future studies of the spectral exergy approach would be of
interest, as they can be used for several solar problems and for the radiative cooling by

coating of buildings.

Furthermore, the prediction models should include the effects of other
parameters of weather conditions, such as the relative humidity. Also, new empirical
models can be constructed to estimate monthly average daily horizontal global radiation
exergy for different climatic conditions worldwide by considering latitudes and
longitudes.

Finally, on the basis of the promising findings presented in exergy analysis for
the selective coatings and a PTC system, work on the exergoeconomic analysis should

be presented in future research.
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APPENDIX A: SURFACE AREAS

Figure 6.8 shows two surface areas regarding heat exchange by radiation heat
transfer. The first reflector area Srer is determined by the length of the parabolic arc from

using coordinates of the end of the arc as [130]:

22 «/4 Zyy?
S, =J4xcz+yc2 + yc2 In X PNEX Y (A1)

2X; A
The second surface is the outer surface of the glass envelope. According to heat
exchange, it can be divided into three parts. The first part is seen from only the sky, three
unknowns Xa, Ya and yp. It can also be determined from three relations: the proportional

in a triangle, the equation of a circle and the equation of a line, respectively as:

= (A2)
Xa yb ya
d 2
X +(y,—F) = (fj (A3)
X —
= ~ YT (A.4)
d X, — X,
BE
2
The length of the circular arc between points a and a' is as follows:
.42
S =dgsin™ an (A.5)
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The second part of the outer surface of glass is seen from only the reflector and

the three unknowns xn, yn and ys. This part can be determined from the three following

relations:

(A.6)
X, Yo —Ys
d 2
X +(F-y,) =[§j (A7)
X —
”2 BRI (A.8)
d X. + X,
5
=3 Xn
2
The length of the circular arc between points n and n'is as:
S . =d,sin™ den (A.9)

5

The right and left side of glass present the surface seen from the sky and reflector

and can be determined as:

25 =nds—S_ ~S_ (A.10)
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