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Abstract

This thesis is the results of the work conducted during the three years of Ph.D. at the

Department of Industrial Engineering of the University of Padova.

The conversion of solar energy into heat in the medium-temperature range (between 80°C and
250°C) has recently encountered a renewed interest in heating and cooling applications of
industrial, commercial, residential and service sectors. Concentrating solar thermal collectors
at medium temperature are suitable for many commercial and industrial applications, such as
industrial process heat, solar cooling and desalination of the seawater. It is expected that in the
future, a significant technological development can be achieved for these collectors, provided
that the conversion of solar energy becomes more efficient and cost-effective. The proper
design of the receiver, which is considered the heart of any concentrating collector, is essential
to the future improvement in the conversion efficiency of this technology. In this context, the
present thesis investigates the application of two innovative concepts of receivers in a prototype
of an asymmetrical parabolic trough concentrator installed in the Solar Energy Conversion Lab

of the Industrial Engineering Department, at the University of Padova.

In Chapter 1, a study on different estimation procedures for the assessment of the direct normal
irradiance, which is the solar resource utilized by solar concentrators, is presented. The study
includes an indirect evaluation from measurements of global and diffuse horizontal irradiances
and the use of semi-physical/empirical models. A detailed analysis of the instrumentation and
of the measuring technique as well as the expression of the experimental uncertainty is
provided. In Chapter 2, the optical performance of the asymmetrical parabolic trough is
experimentally characterized. As a result, a statistical ray-tracing model of the concentrator for
optical performance analysis in different working conditions is validated and used to optimize
the design of the proposed receivers. In Chapter 3, an innovative flat aluminium absorber
manufactured with the bar-and-plate technology, including an internal turbulator, is tested in
the asymmetrical parabolic trough collector under single-phase and two-phase flow regimes.

A numerical model to predict its performance has been developed and validated against the



experimental data. In Chapter 4, this model is used to evaluate the performance of a small solar-
powered ORC system by coupling the aforementioned concentrating solar system with direct
vaporization of a low-GWP halogenated fluid or by using an intermediate solar circuit to heat
pressurized water and evaporate the same organic working fluid in a separate heat exchanger.
Finally, in Chapter 5 a new direct absorption receiver is proposed to investigate the capability
of a suspension of single-wall carbon nanohorns in distilled water to absorb concentrated
sunlight. The volumetric receiver has been designed through the development of a three-
dimensional computational fluid dynamics model for its installation in the focus region of the
asymmetrical parabolic trough. The capability of the nanofluid in collecting solar radiation
when exposed to concentrated and non-concentrated solar flux are experimentally investigated
thanks to the cooperation with National Council of the Research (CNR), that provided the
aqueous solution. The nanofluid was tested in several conditions, with and without circulation,

to investigate its stability with time.
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Introduction

The large use of photovoltaic, concentrated solar power (CSP) and solar thermal technologies
is expected to play a crucial role in the future provided that the conversion of solar energy
becomes more efficient and cost-effective. Concentration of solar radiation becomes necessary
when high temperatures (above 100°C) are desired, or when, as in the case of photovoltaic
cells, the cost of the absorber itself is much higher than the cost of the concentrator [1].
Significant technological development can be achieved for solar thermal collectors in heating

and cooling applications of industrial, commercial, residential and service sectors.

The conversion of solar energy into heat in the medium-temperature range (between 80°C and
250°C) has recently encountered a renewed interest. After concluding tests in several pilot
plants, solar collector manufacturers currently offer some proven solutions on the market. On
the other hand, research institutions are investigating on several topics, including the
improvement of the global system control, the cost-effectiveness, the building integration and
innovative solutions to overcome the technical issues encountered in practice. There are several
environmental, political and economic reasons that justify this interest. Medium-temperature
solar collectors are very suitable for many commercial and industrial applications, such as the
industrial process heat generation, the solar cooling and the desalination of the seawater. As
these devices exploit a renewable energy source, they may contribute to the reduction of the
energy supply from fossil fuels and greenhouse gases emissions. According to the IEA statistics
[2], industry represented one-third of the total final consumption of energy worldwide of 2014.
Electricity accounts for around the 25% of the final energy use for industry, while the rest is
industrial heat demand. Market potential analysis performed in 2006 on medium-temperature
solar collectors, [3] showed more or less the same share of the industrial heat demand and
pointed out that, as a general tendency, about 50% of the industrial process heat demand is
located at temperatures up to 250°C. Vannoni et al. [4] highlighted several industrial key

sectors such as food, textile, transport equipment, chemical, metal and plastic treatment, that
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present 60% of the thermal energy demand at a temperature level that encourages the use of
solar process heat. Moreover, the air conditioning and refrigeration systems powered by solar
thermal collectors are becoming an efficient and, in some cases, competitive alternatives to the
conventional systems to meet the increasing cooling demand of big buildings and the
refrigeration requirements in food processing and pharmaceutical products conservation. The
most attractive prospect is the achievement of a temperature level high enough (150°C-200°C)
to couple the solar collectors with double effect absorption chillers [5]. It is worth to remember
that in most industrialized countries, the air conditioning demand shifts the yearly peak of
electrical energy consumption in summer and may cause serious problems to the stability of
the electrical grid. Furthermore, the flexibility of Organic Rankine Cycle to operate with
different working fluids is well suited to work with medium-temperature solar power by
adapting the fluid characteristics to the operating temperatures of the solar collector. The use
of Rankine cycle power generation systems with organic working fluid are of particular interest
for distributed electric generation which is becoming more and more widespread bringing
significant contributions to the electrical system. In addition to these applications, solar
desalination of the seawater might become one of the principal means to assure the access to
drinking and safe water to everybody, given that the highest solar energy availability and the

troubles of clean water supply pertain to the same regions.

Many researchers agree that, from a technical point of view, the parabolic trough collectors are
the best proven and reliable solar technology to produce heat in the medium-temperature range,
mainly thanks to the experience and the know-how gained in large commercial concentrated
solar power plants. Fernandez-Garcia et al. [6] and Zarza [7] presented overviews on the
components, efficiency and applications of these concentrating solar collectors, including
commercial plants and new prototypes. Their conclusions highlighted that the proper design of
the receiver is essential to the future improvement in the conversion efficiency of these
concentrating solar collectors. The main function of this element, which is considered the heart
of any concentrating collector, is to absorb the concentrated solar radiation and convert it with
a high efficiency into heat. The receivers of medium-temperature collectors, depending on the
operating temperature, may not need glazed and empty cavity covers and they can be

manufactured with cheaper materials and selective coatings. This allows containing the
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investment costs of the solar field, which nowadays it is the main cause that discourages the
investments in the solar power industry due to the high capital required and the long payback
time. In this context, the present thesis investigates the applications of two innovative
technologies for flat receivers in a linear concentrating collector. The linear solar concentrator
considered in this work is a prototype of an asymmetrical parabolic trough concentrator and it
is installed in the Solar Energy Conversion Lab of the Industrial Engineering Department, at
the University of Padova. The present concentrator can be seen as half of a more common
symmetric parabolic trough for CSP applications. This solar concentrator, under clear-sky

conditions, is capable to provide locally concentrated flux up to 100 kW m™.

The direct normal irradiance is the resource utilized by solar concentrators and its measurement
is essential to determine the performance of any solar concentrator. This component of the solar
radiation is not often measured due to practical reasons and is derived instead from
measurements of global irradiance or satellite-based models. A study of different estimation
procedures for the assessment of the DNI, using experimental data taken at two different
latitudes in Italy is presented in the first Chapter. The study includes an indirect evaluation
from measurements of global and diffuse horizontal irradiances and the use of semi-
physical/empirical models. The capability of 1-min time series of direct normal irradiance and
the accuracy in the estimation of hourly, daily, monthly and seasonal data of irradiation is
investigated. A detailed analysis of the instrumentation and of the measuring technique as well

as the expression of the experimental uncertainty is provided.

After the assessment of the estimation procedures of the solar input for concentrating solar
collector, the second Chapter is focused on characterizing the optical performance of the
considered concentrator. The definition of the concentrated solar flux distribution in the focal
region is crucial to the design of the geometry and the configuration of the receivers. The
optical performance of the asymmetrical parabolic trough is experimentally characterized by
adopting a direct method based on the use of a radiometer mounted on a handling system to
measure the solar flux map on the concentration region. The aim of this experimental activity
is also to develop a statistical Monte Carlo ray-tracing model of the concentrator for optical
performance analysis in different working conditions. This model constitutes an essential tool

to the optimized design of receivers.
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In the third Chapter, the numerical and experimental investigation on an advanced receiver for
linear concentrating solar collectors is presented. This receiver presents an innovative flat
aluminium absorber manufactured with the bar-and-plate technology, including an internal
offset-strip turbulator, and is conceived for process heat and direct steam generation in a small
linear concentrator. The performance of the new receiver is experimentally assessed in the
asymmetrical parabolic trough collector under single-phase and two-phase flow regimes. For
the latter case, a new test method is proposed and validated during the experimental tests
conducted on water and on a halogenated fluid. A numerical model has been developed to
predict the thermal performance of the receiver under single- and two-phase regimes. The
model is validated against the experimental data and is used to study possible optimized

configurations of the receiver.

In the fourth Chapter, a numerical model of a small size organic Rankine cycle for low-grade
heat sources is proposed and validated by comparison with the datasheet of a commercial unit
with a comparable size. Afterwards, the validated model of the receiver has been integrated
into the ORC model in order to evaluate its performance by coupling the aforementioned
concentrating solar system with direct vaporization of a low-GWP halogenated fluid or by
using an intermediate solar circuit to heat pressurized water and evaporate the same organic

working fluid in a separate heat exchanger.

In the last Chapter, a new direct absorption receiver is proposed to investigate the capability of
the carbon-based nanofluid to absorb the concentrated sunlight. As compared to the
conventional surface-absorption solar collectors, direct absorber solar collector may lead to
higher thermal efficiency and lower cost due to the absence of a selective surface. The
volumetric receiver has been designed through the development of a three-dimensional
computational fluid dynamics model, for its installation in the focus region of the asymmetrical
parabolic trough solar concentrator. The considered nanofluid consists of a suspension of
single-wall carbon nanohorns in distilled water with a concentration of 0.02 g L. The
thermophysical properties are the same as those of the base-fluid, but the presence of carbon
nanoparticles greatly enhances the optical characteristics. The stability of the nanofluid and its
capability in collecting solar radiation when exposed to concentrated and non-concentrated

solar flux with and without circulation are experimentally investigated.
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Finally, the Conclusions of the experimental and numerical study on the application of the
advanced technologies for linear concentrating solar collector presented in this thesis are drawn

and the indications for possible future research are proposed.






Chapter 1 Assessment of estimation procedures of
direct normal irradiance for solar concentrating

systems

The availability of meteorological archives, based on satellite and ground station
measurements, constitutes a precious support in the estimation of solar radiation availability.
Nowadays, the development of solar concentrators calls for the assessment of direct normal
irradiance (DNI). The DNI is the resource utilized by solar concentrators for energy production,
in CSP and Concentrating Photovoltaic (CPV) applications, and thus, DNI forecasting is the
basis for concentrating solar energy forecasting [8]. Solar radiation and specifically DNI has
not been an objective in meteorological measurement over the time. Nowadays, while accurate
datasets of global horizontal irradiance (GHI) are available for many sites, still efforts are

required to fully characterize the DNI resource.

This Chapter describes a study of different estimation procedures for the assessment of DNI,
which include an indirect evaluation from measurements of global and diffuse horizontal
irradiances and use of semi-physical/empirical models. The analysed approaches include
measuring techniques, using experimental data with a time scale of 1-min, taken at two
different latitudes in Italy, and models. The capability of 1-min DNI time series and the
accuracy in the estimation of hourly, daily, monthly and seasonal data of irradiation are tested.
Since measurements of global and diffuse irradiance have good accessibility and availability,

the study aims at clarifying to what extent such data can be used for deriving DNI time series.
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1.1 Estimation procedures of direct normal irradiance

The DNI is an element of the total hemispherical terrestrial solar radiation flux on the Earth
surface. This flux is referred as total hemispherical solar irradiance or more commonly as GHI.
Hemispherical radiation comprises a combination of the nearly collimated DNI and some
portion of the diffuse sky radiation extracted from the beam by scattering as the DNI propagates
through the atmosphere [9], called diffuse horizontal irradiance (DHI)

1.1.1 Direct measurement of direct normal irradiance

The reference instrumentation for the direct measurement of DNI is a thermopile pyrheliometer
installed on a Sun-tracker. In radiation detectors, several thermojunctions between dissimilar
metals are in contact with the absorbing surface. These active junctions are located beneath a
highly absorbing blackened surface and are heated by the radiation absorbed by the black
coating. A thermal flux upon the junctions produces a voltage proportional to the difference in
temperature between the active junctions and a similar set of passive junctions. The passive
junctions are fully protected from solar radiation and are usually in thermal contact with the
instrument housing, which serves as a heat sink. In pyrheliometers, the thermopile detector is
placed at the end of a collimating tube, which is usually blackened on the inside to reduce the
optical reflectance of the incoming radiation. This collimated detector is used for measuring
solar radiation from the Sun and from a small portion of the sky around the Sun at normal
incidence [9] The collimating tube contains several diaphragms in order to limit the angle of
acceptance of the solar radiation. Its dimensions are such that the field of view for
pyrheliometers is between 4° and 6°, or about ten times the solar disk angular diameter. As
pointed out by Myers [10], this range of field was chosen to avoid lost data by permitting
relatively large (1° to 1.5°) tracking errors to occur when only manually adjusted or clock drive
tracking mechanisms were available. Sun-trackers allow tracking the Sun in its apparent path
in the sky during the day. Reducing the fields of view of pyrheliometers would require
significant reductions in tracker pointing error. Modern pyrheliometers require to be mounted

on high precision Sun-trackers. Their typical pointing error is in the order of 0.01°.
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Pyrheliometric measuring systems are quite expensive due to the combination of thermopile

sensors, view-limiting apertures, and tracking equipment.

1.1.2 Indirect measurement of direct normal irradiance

An alternative measurement of DNI is to indirectly derive it from the measurements of GHI
and Diffuse Horizontal Irradiance DHI. This method constitutes the first type of estimation
procedure to derive DNI considered in this study. When the GHI and the DHI are measured,
the direct horizontal irradiance can be obtained by subtracting the diffuse horizontal component
from the global horizontal one. Since direct radiation has a geometric behaviour, by knowing
the incidence angle of the direct radiation on a horizontal plane, which is the angle between the
normal to the plane and the projection of the direct beam radiation on the intercepting plane,
also called the zenith angle 6., the DNI comes from the direct horizontal irradiance divided by

the cosine of the zenith angle:

GHI — DHI
DNl = —— Eq. 1.1
cos@,

Global and diffuse irradiances are measured with pyranometers. A pyranometer is an
instrument for measuring hemispherical solar radiation, which accounts the contribution of the
direct and the diffuse radiation. These instruments must have a response independent of the
angle of incidence of the solar radiation. Thermopile detectors present a more uniform response
of the wavelength of radiation over the solar energy spectrum compared to silicon detectors,
which response its limited only to the 300 nm to 1100 nm spectral region of the solar spectrum.
However, in nearly all thermopile pyranometers, the detectors are protected from the ambient
elements by one or two hemispherical glass. This cover limits the spectral sensitivity of
thermopile-based instruments to either 290-2800 nm for glass dome, used in most
pyranometers, or to 290-4000 nm for quartz dome, which is used in more advanced
pyranometers. Furthermore, to prevent the uneven distribution of the radiation on the detectors,
the covers should be very uniform in thickness. To measure the GHI a pyranometer should be
placed on a horizontal surface free of obstacles that may shade the instrument, while to measure
the diffuse irradiance a pyranometer should be shaded from the direct irradiance coming

directly from the Sun. The best way to do it is to occult the solar disk with a ball driven by a
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Sun-tracker. However, this technique, as for the direct measurement of the DNI, present a high
cost due to the presence of the Sun-tracker. A cheaper and common technique involves the use
of a shadow-band, which screens the pyranometer along the day. In this case, depending on the
dimension of the shadow-band, it is required only a manual adjustment every few days as the
declination changes, but the measured irradiance must be corrected because the band blocks
also a part of the diffuse radiation from the sky [11]. However, the overall accuracy of this
method cannot be equal to the one employing a shadow-ball driven by a tracker, even when
corrections are applied [12]. The main problem in the indirect evaluation of DNI is that
pyranometers can be affected by several sources of uncertainty, which should be properly
considered, as discussed by Gueymard and Myers[13]. Moreover, the choice of the model to
correct the shadow-band effect in the measurement of diffuse irradiance plays a role, as
investigated by Kotti et al. [14]. Accurate estimations of DNI are obtained as derived from
measurements of global horizontal irradiance and diffuse horizontal irradiance if the offset in
pyranometers are properly corrected and the zenith angle is not too high [11]. A similar
approach is to derive DNI from instruments that can measure simultaneously total and diffuse
radiation, such as rotating shadow-band radiometers (RSR) and total hemispherical measuring
radiometers with multiple fast thermopiles. RSRs are typically deployed using silicon
photodiodes as detectors. Myers [15] presented a comparison of these two types of radiometers
with respect to a reference pyrheliometric measurement of DNI. The comparison shows that
the at DNI values useful for concentrating solar applications, the two radiometers system

produces DNI estimates with similar uncertainty.
1.1.3 Estimation procedures using separation method

Due to practical reasons, the DNI is not often measured and is derived instead from models
based on satellite data or measurements of global irradiance. The work of Mohammed et al.
[16] represents a good example to stress out the difficulties encountered to build a large dataset
for energy yield analysis, applicable to the concentrating system, based on radiation
measurements in the field. Their study involved the measurements of a pyrheliometer, a
pyranometer and a spectroradiometer made across a range of air mass values and atmospheric

conditions. The system required regular maintenance to eliminate potential errors and the data
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storage process has been set up to enable ease of data retrieval using a relational database.
Approximately 422000 measurements were made across a range of air mass values and

atmospheric conditions based on a two-year operation period.

In the last decade, many authors have been presented DNI estimation procedures based on
satellite data. For instance, Cogliani et al. [17] present a physical model that provides hourly
average GHI and hourly average DNI for Italy based on primary satellite images in the visible
band. The validation of their model with data from ground-based stations highlighted the deep
lack of solar data in Italy, in particular, DNI data. The potential of high concentration solar
photovoltaic generation, based on satellite-derived data of DNI has been investigated by Viana
et al. [18]. Their evaluation was carried out independently for different forecast horizons (1, 2
and 3 days ahead), different seasons of the year and three different sky conditions: clear, cloudy
and overcast. Their results showed that their model presented a marked dependence on the sky
conditions and season of the in forecasting both GHI and DNI. In a recent study, Amillo et al.
[19] developed a database of global and direct solar radiation using the Eastern Meteosat
Satellite and validation with high-quality data from ground stations. The sensitivity of satellite-
based methods for deriving solar radiation to different choices of aerosol input and models has
been explored by Polo et al. [20]. They observed that the most important contribution to the
uncertainty of the satellite estimations comes from the impact of clouds to the GHI for clear
and non-clear-sky conditions. However, also the input of aerosol information and the clear-sky
model can have an important role in the uncertainty. In another study [21], a lidar-ceilometer
has been adopted to establish a correlation between the daily variations of DNI and backscatter
atmospheric extinction around solar noon, under cloud-free conditions. A 12-months
experiment was carried out to obtain the correlation between DNI and atmospheric backscatter
measurements. Their work shows the potential use of aerosols information as measured by
lidar-ceilometer for solar radiation modelling. Gueymard [22] presented a study on the
sensitivity of irradiance to precipitable water for various types of precipitable water
measurement. The results suggest that the accuracy of the predicted clear-sky DNI and GHI is
only a weak function of the uncertainty in the precipitable water data input, even in arid

conditions, where the sensitivity of irradiance to precipitable water variations is largest.
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When only the GHI is known, the DNI can be estimated by using separation models (semi-
physical and empirical), which provide DNI or DHI; if a model provides DHI, DNI is then
obtained from Eq. 1.1. Separation models constitute the second estimation procedure for DNI
considered in this study. Due to their flexibility, semi-physical and empirical models are seen
with interest by engineers and designers of solar energy installations. Moreover, a combination
of ground measurements and statistical modelling data is often used in the development and
validation of long-term and medium-term forecasting databases [23]. Statistical models are
usually related to the use of local measurements and learning processes in order to derive future
behaviour. Depending on the time-frequency and on the characteristic of the dataset of GHI,
this behaviour can use data for years, months, days, hours, minutes, or seconds. In their basic
form, such models are simple, because they are based on the correlation between the clearness
index, k;, defined as the ratio of the GHI to the horizontal irradiance available out of the
atmosphere and the diffuse fraction (ratio of the diffuse-to-global irradiance), k4, or the beam
transmittance (ratio of the direct beam solar irradiance to the extra-terrestrial solar irradiance)
kp[24] . Figure 1 reports the dependence of the diffuse ratio ks on the clearness index 4; in its
typical shape as proposed by Muneer [25] describes the type of measurements at each area of
the graph and the sources of possible errors. Each model is developed from the measurements
taken on some specific stations as discussed by Vick et al. [15]; therefore, their accuracy must
be carefully evaluated if they are used for locations different from the ones they were developed
for. Blanco et al. [8] suggested that the spatial resolution of such models is usually related to
less than 10 km around the measurements location depending also on the topography. Another

critical point is that they were developed using mainly hourly irradiance measurements.

The separation models considered in this study are the model of Erbs et al.[26], the DISC
model developed by Maxwell [27], the model of Perez et al. [28], the model of Skartveit et al.
[29] and the models DIRMAX and DIRINT proposed by Perez et al.[30]. The model of Erbs
et al. [26] is an extension of the Orgill and Hollands's correlation [31] to latitudes from 31°
and 42° North based on 5 stations data. The diffuse irradiance was obtained as the difference
of hourly values of direct and global irradiances on a horizontal surface these quantities. The
proposed correlation combines a linear regression for & lower or equal than 0.22, a constant

value for k; greater than 0.8 and a polynomial correlation for & between these two limits:
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1-0,09k, ke < 0,22
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Figure 1 — Dependence of the diffuse ratio kq on the clearness index k; and sources of s possible measurement

errors [25].

A quasi-physical model Direct Insolation Simulation Code (DISC) has been developed by
Maxwell [27] for converting hourly global horizontal to direct normal irradiation. This model
combines a clear-sky model with experimental fits for other sky conditions. The experimental
regressions were deduced from radiation data recorded in 70 different stations duringl2 years.

The direct normal irradiance is modelled as follows:

DNIpsc = G, (Knc - (CDISC,l + (CDISC,Z)mCDISCﬁ)) Eq. 1.3

where the coefficients cpisc 1, cpisc,2, and cpisc,3 are functions of the clearness index 4;:

if k< 0.6:
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CDISC,I = 0512 - 1560](15"‘2286kt2 - 2222k?
CDISC,Z =0.370 + 0962](1_th2
CDISC,3 = _0280 + ()932](1—204‘8kt2

if k> 0.6:

Coisc1 = —5.743 + 21.77k, — 27.49k? + 11.56k3
CDISC,Z = 4140 - 1185kt + 6605k? + 319k?
Coiscs = —47.01 + 184.2k,—222k2+73.81k}

In Eq. 1.3, G, is the normal incident extra-terrestrial irradiance and the parameter K., is given

by:

K,. = 0.866 — 0.122m + 0.012m? — 0.000653m3 + 0.000014m* Eq. 14
This coefficient is an expression of the air mass m, which is evaluated with the formulation of

Kasten [32] as a function of the solar elevation a:

1
™ = sin(@) + 0.15(a + 3.885) 12253

Eq. 1.5

The model of Perez et al. [28] is a simple modification of the DISC model [27]. In this model,
the direct normal irradiance DNIpisc (Eq. 1.3) multiplied by a correction function CFpere:,

empirically obtained from a large pool of data:

( 1-0.0124(1006,"* — 60) ke < 0.7
1—0.0211(100(sin 8,)% + 10sin(26,) — 25) 0.45 < k, < 0.7
CFperes = % Eq. 1.6
_ 4 0.125
1-00182( 25(sin(1.16,)) —| 7 k. < 0.45
5= min(0,,1.4)

The models DIRMAX and DIRINT [30] are more comprehensive than the model of Maxwell
[27] and Perez et al. [28]. In these models, the normal component of the direct irradiance is
obtained from the direct normal irradiance DNIp;sc estimated with the Maxwell DISC model
(Eq. 1.3) and a coefficient, which is a function of four parameters, which describe the insolation

conditions. The first parameter is the solar zenith angle .. The second and the third parameters

are the modified clearness index &/ and a stability index Jk;' as defined in Perez et al. [30]. The
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stability index ok, derives from consecutive records of GHI accounting the dynamics of
sequent time series. The last parameter is the atmospheric precipitable water content W, and is
an optional input to the model. At Padova site, some tests have been run to analyse the effect
of the precipitable water data in the performance of the models DIRMAX and DIRINT [30].
The analysis has shown that the use of precipitable water as additional input can lead to slightly
better or even less accurate DNI estimations depending on the day conditions. Therefore, it was
concluded that no overall improvement in the accuracy of the models is achievable at Padova
climatic conditions if precipitable water data are used [33]. Moreover, since data of precipitable
water was not available at Trisaia site, in the present paper both DIRMAX and DIRINT [30]
models are used without using precipitable water data as an input, in order to get a more

objective comparison of the model performance.

The last model evaluated in this study is the model of Skartveit et al. [29]. This model has been
developed using a 32 years long record of hourly GHI and DHI taken in Bergen (Norway). The
basic concept of this model is very similar to the DIRMAX and DIRINT model [30]. Analytical
and continuous functions are adopted here rather than discrete values based upon lookup tables
as in the models of Perez et al.[30]. Furthermore, the variability of the clearness sky index Q
is included as prediction variable. The clear-sky index Q proposed in this model is given by
the ratio of the clearness index and the cloudiness index as defined in [29], which is intended
to account for the effect of the variability in the cloud cover. The variability of the clearness
sky index is the root mean squared deviation between the clear-sky index € of a period and

those of the former and next periods.
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1.2 Experimental campaign on the measurement of direct

normal radiation measurements and uncertainty analysis

Two experimental databases of solar irradiance are used for the present study. One is collected
in Padova (45.4°N, 11.9°E), northern Italy, while the other is collected in Trisaia (40.2°N,
16.6°E), southern Italy. The two sites cover a wide range of climatic and sky conditions. Italy
is a favorable site for solar energy installations; particularly Trisaia is interesting for solar
concentrating applications. The measurement in Trisaia has been performed in collaboration
with the ENEA Research Centre Trisaia. A detailed analysis of the instrumentation and of the
measuring technique as well as the expression of the experimental uncertainty is a key aspect

to get a more comprehensive understanding of the results provided by the models.

Data taken at Padova include a Kipp & Zonen CHP1 pyrheliometer mounted on a high
precision EKO Instruments STR-22G solar tracker to measure the DNI; a Kipp & Zonen
CMP22 pyranometer is used to measure the GHI and the DHI is measured with a Kipp & Zonen
CM11 pyranometer placed under a shadow-band. Finally, an anemometer measures the wind
speed on the horizontal plane and the ambient air temperature is gauged by a Pt100 RTD.
Figure 2 reports a view of the solar radiation measurement instrumentations installed at the
Solar Energy Conversion Lab on the roof of the Department of Industrial Engineering at the
University of Padova. The values of the diffuse irradiance are corrected with the semi-physical
model of LeBaron et al. [34]. This correction method accounts for both the band geometry and
the sky conditions, that is how the diffuse radiation is distributed. Indeed, the anisotropy of the
diffuse radiation is an important aspect to be considered when measuring diffuse radiation with
shadow-band devices, as well as when modelling solar radiation. The effect of the reflection is

considered minimal because of the black paint of the band.

Data taken at Trisaia include GHI, measured with an EKO MS-802 pyranometer, DNI,
measured with an EKO MS-56 pyrheliometer and DHI, measured with an EKO MS-802
pyranometer shaded with a ball driven by the Sun-tracker. Pyrheliometers are first class
instruments and pyranometers are secondary standards classified, according to ISO 9060: 1990
[35]. In both Padova and Trisaia stations, the status of the instrumentation is daily checked to

avoid any sources of inaccuracy.
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Figure 2 — Solar radiation measurement instrumentations installed on the roof of the Department of

Industrial Engineering at the University of Padova.

To ensure high quality of the data taken in Padova, the agreement between the pyranometers
used to measure global and diffuse irradiances has been checked. Both pyranometers were set
up to measure the global irradiance on the horizontal plane on selected days; this check covers
different periods of the year to include a wide range of zenith angles and sky conditions.
Although the thermal offset had been corrected, when measuring clear-sky GHI a residual
disagreement between Kipp & Zonen CM11 and Kipp & Zonen CMP22, up to 5% at the ends
of the day, when irradiance is lower, has been observed. Such difference in the measured
irradiances displayed a dependence on the zenith angle. Therefore, by assuming Kipp & Zonen
CMP22 to be the reference pyranometer, a correlation has been developed to correct Kipp &
Zonen CM11 readings. Such correction has been verified against independent data (not used
to develop the correction). After the correction to Kipp & Zonen CM11 measurements, the
difference in the measured clear-sky global irradiance between the two pyranometers has
become lower than 1%. Similarly, the pyranometers used for measuring global and diffuse
solar irradiances have been checked for Trisaia test site as well. The check has been performed
by comparison with a reference secondary standard Kipp & Zonen CMPI11 pyranometer,

calibrated by a European accredited laboratory. The on-site calibration has been performed
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outdoor according to ISO 9847 - Method Ia [36] in a wide range of zenith angles, sky and
ambient temperature conditions. This calibration procedure has allowed correcting the
sensitivity factors of the pyranometers used to measure the different components of solar
irradiance during the monitoring period. Such corrections have been tested for a significant
time period during which a complete agreement between the Kipp & Zonen CMP11 reference

pyranometer and the EKO MS-802 pyranometers has been found.

To ensure the quality of the databases, further checks have been applied to irradiance
measurements to find possible data showing a physical violation. Moreover, data points taken
during rainy conditions have been rejected: as shown in [11] such data are not interesting for

DNI characterization and their contribution on long-term estimation is absolutely negligible.
1.2.1 Uncertainty analysis

The uncertainty analysis, here adopted, is based on the procedure described by Padovan and
Del Col [11], who show how to apply the method by ISO, Guide to the Expression of
Uncertainty in Measurement [37] to the irradiance measurements with thermopile
pyranometers. Reda [38] also proposed a method for calculating the uncertainty in measuring

shortwave solar irradiance, which substantially agrees with that illustrated in [11].

All the radiometers used in the present study, are calibrated by comparison with reference
instruments, calibrated from year-to-year by the WRC (World Radiometric Center). However,
pyranometers and pyrheliometers operate at different conditions as compared to those
occurring in calibration; thus, further sources of uncertainty should be added to the calibration
uncertainty. Table 1 reports a list of uncertainties, which can affect the present instruments: in
agreement to ISO guide [37], all the uncertainties reported in this table are considered as type
B components of uncertainty with a rectangular distribution. An in-depth description of the
measuring uncertainties affecting thermopile radiometers is reported in [11]. Both
pyranometers Kipp & Zonen CMP22 and CMI11 are equipped with thermistors and
thermoresistance sensors to measure the instrument temperature. Although a posteriori

correction of the thermopile signal was applied, as reported in the calibration certificates, the
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contribution of the temperature dependence was considered in the calculation of the overall

uncertainty budget.

Table 1 — Uncertainty sources in pyranometers and pyrheliometers.

Ki Ki Ki
Uncriny souee Zown  gnn s KO EKO
CHP1 CMP22 CM11

Directional response - +5 W/m? +10 W/m? - +10 W/m?
Temperature response +0.5% +0.5% +1% +0.5% +1%
Non-linearity +0.2% +0.2% +0.5% +0.5% +0.5%
Spectral response +2% +2% +2% +1% +1%
Zero offset B +1 W/m? +1 W/m? +2 W/m? +1 W/m? +2 W/m?

The zero-thermal offset occurs when the pyranometer is shaded from solar radiation, but it
provides a voltage output signal different from zero. The thermal offset error is usually divided
into two parts: the contribution due to the infrared exchange between the radiometer and the
sky (zero offset A) and the contribution due to the temperature change of the body of the
instrument (zero offset B). From Table 1, the thermal offset B is small for all the present
instruments, because of the careful construction of the thermopile sensor and use of

compensation techniques for temperature.

The zero offset A is not reported in Table 1, but it is treated separately because it provides a
systematic underestimation of irradiance, which should be properly evaluated and corrected.
In particular, for Padova site, diurnal (with clear and cloudy sky) and nighttime tests have been
run to measure type-A thermal offset. During diurnal tests, the dome of the pyranometers has
been properly covered as recommended by the manufacturer and the response of the
pyranometers has been observed. The response to solar radiation decays and before the
instrument reaches the thermal equilibrium with the ambient the thermal offset A can be
detected. Both tests have revealed that the Kipp & Zonen CM11 has a higher thermal offset A
as compared to Kipp & Zonen CMP22. Such result is in agreement with the specifications of
the manufacturer, which declares a lower thermal offset error for Kipp & Zonen CMP22, as a
result of the improved construction of the instrument. Moreover, in agreement with

independent experimental observations by Gueymard and Myers [13], it was found that the
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thermal offset is higher with clear-sky conditions than with cloudy skies. Thus, two different
corrections have been determined as a function of the sky condition. The thermal offset
measured during day-time in clear-sky conditions is higher than the one measured during
nighttime in agreement with experimental findings reported by Vignola et al. [39]. Moreover,
the offset correction determined during day-time tests provides the best agreement when
directly comparing irradiance measured with Kipp & Zonen CMP22 and Kipp & Zonen CM11
and therefore it was used to correct irradiance measurements by the two pyranometers. In the
case of Trisaia site, instead, data of global and diffuse irradiance have been corrected by using

the observations of nighttime thermal offset.

The overall uncertainty of GHI, DHI and DNI data is obtained by combining the uncertainty
due to the calibration with the components reported in Table 1 and the uncertainty of the
acquisition system. The procedure described by Padovan and Del Col [11] has been adopted
for combining the various uncertainty components. For diffuse irradiance, the contribution of
the directional response has been neglected. Moreover, zero uncertainty is attributed to the
correction of LeBaron et al. [34]. The statistical type A uncertainty has also been calculated
and taken into account. However, as discussed in [11], this contribution is negligible with clear

and overcast skies, which is the case of stationary conditions.
1.2.2 Experimental results

The solar experimental data collected in Padova were measured from June 15, 2011 to April
23, 2013. During this period, solar radiation records of nearly 260 days have been acquired.
The measurements at Trisaia were taken from August 2012 to August 2014, and 400 days were
characterized. In both Padova and Trisaia databases, the irradiance measurements are taken
with a time step of 5 s and then the minimum, average, maximum and standard deviation are

stored every minute.

In Figure 3, the daily trend of DNI, observed in clear-sky condition on a summer (graphs on
the left) and a winter (graphs on the right) day in Padova (top graphs) and in Trisaia (bottom
graphs), is plotted as a function of the local time: the two sets, reported in each graph,

correspond to the DNI measured with the pyrheliometer and the DNI calculated from the global
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and the diffuse irradiance measurements. The bands of experimental uncertainty at 95% of

confidence level are also drawn. For the site of Padova, the experimental uncertainty of the

measured DNI is £2.5%, while for Trisaia the uncertainty of it results £2%.
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Figure 3 — Measured and calculated direct normal irradiances vs. local time for a clear-sky day in Padova

(top) and Trisaia (bottom) in summer (left) and winter (right).

For both sites, close agreement between calculated and measured DNI is found on the summer

day. In that case, at solar noon the uncertainty of DNIcaic is £4% and 3% in Padova and Trisaia

respectively, but it increases in first morning and late afternoon due to the effect of the

directional response. In Padova, at around 17:00 local time the uncertainty of DNIcar is 7%,

while in Trisaia the uncertainty of DNIcaic remains lower than £5% all day long.
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On the winter day, the indirect method overestimates DNI more than on the summer day and
on average its uncertainty is higher because of the higher zenith angles that characterize the
sky conditions. At solar noon in Padova, the uncertainty of DNIcaic is £5.5%, but it increases
up to +11% in the ends of the day, when higher values of zenith angle occur. At Trisaia site,
the uncertainty of calculated DNI is +3.5% at solar noon and +7% at 15:00 local time. Two
reasons can explain the higher disagreement between estimated and measured DNI found in
winter days. The first is associated with the higher zenith angles of winter data, which,
according to Eq. 1.1, affect the accuracy of the estimation of DNI more in winter than in
summer. The second reason is due to the thermal offset error, which affects the diffuse
irradiance measurement more in winter than in summer [13]. Thus, if diffuse irradiance is
underestimated, to Eq. 1.1 DNIcaic is overestimated as a consequence. It should be noted that
the present data were corrected by using an average measurement of thermal offset between
winter and summer conditions. At Trisaia site, the offset correction obtained with night-time
measurements is quite accurate for summer conditions, but it leads to underestimating diffuse
irradiance in winter when the thermal offset error can be higher [13]. Besides, at Padova site,
the model by LeBaron et al. [34], used for the correction of shadow-band effect in diffuse
irradiance measurement, can play a role in the different prediction accuracy between summer
and winter. However, for both sites, DNIneas and DNIcaic are in agreement within their range of

uncertainty for the summer days.

The graph of Figure 4 shows the importance of the thermal offset correction in pyranometers
used for global and diffuse irradiance measurements. If it were not corrected, the indirect
procedure would overestimate DNI. As a result, one can deduce that the measurement of the
DHI is affected by a higher thermal offset as compared to the measurement of GHI and this
leads to the overestimation of DNI when Eq. 1.1 is applied. The results have shown that the
indirect derivation of DNI from measurements of GHI and DHI can lead to accurate estimations
even when the diffuse irradiance is measured with a shadow-band, provided that the systematic
error due to the thermal offset is evaluated and corrected. The experimental uncertainty
associated with this procedure increases at irradiance conditions characterized by high zenith
angles. Good accuracy is achieved when predicting DNI on summer days. The prediction

accuracy decreases on winter days, due to the more severe conditions, particularly for diffuse
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irradiance measurements, which are affected by a higher type-A thermal offset error as

compared to summer conditions. Increase in accuracy is expected if using specific seasonal

corrections for type-A thermal offset obtained with day-time tests.
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Figure 4 — Difference between DNI indirect estimation with and without offset correction for a summer clear-

sky day in Padova.
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1.3 Assessment of direct normal irradiance estimation

procedures

Solar radiation data are used in several forms and for a variety of purposes. Nowadays, the
most detailed information available is beam and diffuse solar radiation on a horizontal surface,
by hours, which can be useful in simulations of solar processes [9]. Datasets with time
resolution higher than one hour are adequate for design and simulation of concentrating
systems. However, as process performance is generally not linear with solar radiation, the use
of averages may lead to serious errors if non-linearities are not taken into account [9]. In the
future, there will be the need to assess the performance of concentrating systems in the
estimation of sub-hourly DNI. It is thus expected that detailed performance simulations of
concentrating solar systems will be done with 1- to 10-min time steps to improve accuracy
under transient conditions due to clouds [40]. Short-term DNI data are difficult to model
because they are more sensitive to the variability of the sky conditions and in fact, high
scattering can be found when comparing measurements with model predictions, as shown for

example by Gueymard [41], and Padovan and Del Col [42].

1.3.1 Estimation accuracy of direct normal irradiance for short-term time

series

Due to the nature of solar radiation, with a bimodal probability density function, its estimation
is always improved when the situations of clear-sky and cloudy sky moments are considered
separately [43]. In uncloudy sky situations, solar radiation can be accurately modelled by clear-
sky models [44]. Figure 5 and Figure 6 show the prediction accuracy of different estimation
procedures for a summer and winter day with clear-sky in Padova and Trisaia, respectively.
For the sake of clearness, only some representative procedures (indirect estimation and models
of Erbs et al.[26], Perez et al.[28] and Skartveit et al. [29] are shown in the graphs. As it can
be seen, the indirect estimation allows good agreement with DNI data, provided that the
thermal offset is corrected. With reference to summer case in Padova (Figure 5, left), the model
of Skartveit et al. [29] and DIRINT [30] (not shown in the graph) agree with the measured DNI
within £10%. The models of Perez et al. [28] and Erbs et al. [26] estimate within £10% the
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high DNI values, but they become inaccurate when DNI decreases, both in the morning and

afternoon. One reason can be the absence of the zenith angle as prediction variable. On the

winter day (Figure 5, right), the accuracy of Perez et al. [28] and Erbs et al. [26] models

increase, with estimating errors always within +10%. On the contrary, the model of Skartveit

et al. [29] overestimates the measured DNI slightly over 10%.
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At Trisaia site (Figure 6) the indirect estimation procedure shows higher accuracy as compared

to the separation models on the summer day. On the winter day, the indirect procedure tends

to overestimate DNI; however, the agreement with measured DNI is within £10%. Similarly,

the Skartveit et al. model [29] predicts most of DNI data within £10% both in the winter and

summer days. The Erbs et al. model [26], instead, shows a dependence on seasonal conditions,

because it estimates within £10% the measured DNI on the winter day, but the predicting

accuracy degrades for the afternoon on the summer day. The model of Perez et al. [28]

underestimates the measurement both on the summer and winter days.
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The same effect is visible on the winter day (Figure 7, left). In this case, the indirect method
shows a lower accuracy and the DIRINT [30] model has a fluctuating trend. This is probably

due to the higher incidence angle as compared to the summer case. The scattering effect can be

detected also in Figure 8 or Trisaia site.
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Figure 8 — Difference between calculated DNI and measured DNI for a winter (left) and a summer (right)
day in Trisaia under variable sky conditions. The graphs at the top report the measurements of GHI, DHI
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The DIRINT [30] model shows opposite trends between winter and summer data during the
early morning: on a winter day (Figure 8, left) the model overestimates the measured DNI
values, whereas on a summer day (Figure 8, right) its predictions are lower than the
measurements. With reference to the indirect method, the data of Trisaia show less scattering

under cloudy and partly cloudy sky as compared to the data of Padova. This is particularly true
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in winter conditions. The reason of this may be due to the difference between the measuring
systems used in the two sites. At Padova site, the two different pyranometers used to measure
GHI and DHI, are characterized by different time responses to quick irradiance variations. This
can lead to a lower accuracy in DNI estimation in winter when variable sky conditions often
occur. Furthermore, at Padova site, irradiance data are affected by the uncertainty contribution
due to the adoption of the shadow-band coupled with the correction model of LeBaron et al.
[34]. Finally, the average thermal offset correction used in Padova can be less accurate during
the winter period when type-A thermal offset is higher. The two figures compare the
performance of the indirect procedure and separation models at Padova and Trisaia sites,
respectively, on a summer and on a winter day in variable sky conditions. The DIRINT [30]
model is shown as a representative model. On the summer day at Padova site (Figure 7, right)
in the morning, the sky conditions are stable and both the indirect procedure and the DIRINT
[30] model shows a constant performance, with a good accuracy. When sky variability begins
in the afternoon, both estimation methods show scattering, in particular, the DIRINT [30]

model seems to be very sensitive to the variability in sky conditions.

Hourly direct normal irradiation H;, values were used to compare different indirect estimation
procedures in summer and winter conditions for both Padova and Trisaia sites. Measured and
estimated 1-min DNI values are numerically integrated over a time step of one hour to obtain
the corresponding values of hourly direct normal irradiation H,, which expresses the specific
energy associated with direct normal solar radiation for one hour. In Figure 9, indirect
estimated H}, is plotted against measured Hj. The indirect measurement procedure shows the
good accuracy of estimation both in summer and in winter. The winter and summer periods for
Padova refer to the data between November 2011 and January 2012, and between June 2012
and August 2012, respectively. For the Trisaia site, the winter period covers the data from
November 2012 to January 2013, while the data between June 2014 and August 2014 are

included in the summer period.

At Padova site (Figure 9, left) the indirect method slightly overestimates the measured data.
This trend is clearer during the winter period, in particular, for low values of H;. Winter data
present higher scattering, whereas in summer the data distribution is more compact. As

expected, closer agreement with the measured values in both summer and winter conditions
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has been found for the indirectly estimated data in Trisaia (Figure 9, right). For this site, the

scattering of the hourly data results reduced as compared to that present for the Padova dataset.
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Figure 9 — Indirect estimated Hj, caic vs. measured Hpmeas hourly normal direct irradiation in summer (orange)

and in winter (blue) for Padova (left) and Trisaia (right) sites.

The presence of scattered data can be explained by observing Figure 10, where hourly
prediction errors eh are plotted as a function of hourly diffuse fraction kss. The hourly

prediction error e; is defined as:

Hh,calc - Hh,meas
en =

Eq. 1.7
H h,meas

The value kq 1, of the hourly diffuse fraction is calculated as the average ratio of diffuse fraction

kq over one hour:

DHI

ka = o

Eq. 1.8

As can be seen in Figure 10, large hourly errors e, are usually associated with high values of
hourly diffuse fraction k45, which characterize cloudy sky conditions. High values of error ey,
are present at lower values of diffuse fraction k4 too: these points refer to variable sky
conditions with partial overcast sky and high instability. As shown in Figure 7 and Figure 8,

the variability in the sky conditions has a strong influence in the estimation of the DNI and
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this effect is still detectable in the predictions of H;. Moreover, in winter, the variability in
the sky conditions is combined with higher values of incidence angle, leading to a more

evident scattering effect.
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(orange) and in winter (blue) for Padova (left) and Trisaia (right) sites.

The separation models considered in this study to estimate the DNI have given quite different
results for the two sites under investigation. At Padova site for the reported days, some models,
such as the models of Erbs et al. [26] and Perez et al. [28] have shown a good accuracy in
generating clear-sky short-term DNI time series. For Trisaia database, the separation models
have shown higher inaccuracy in short-term predictions. Moreover, for the same site, the
accuracy of the models in generating short-term DNI time series depends on sky conditions,
showing better accuracy for clear-sky days. The accuracy of the models decreases significantly

under variable sky conditions.

1.3.2 Estimation accuracy of direct normal irradiance for long-term time

series

This section discusses how long-term effect can affect the evaluation of direct irradiation when

using different estimation procedures to predict the daily Hs, monthly H,, and seasonal H; direct
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normal irradiation. Measured and estimated 1-min DNI values are numerically integrated over
a time step of one day, month and season, respectively, to obtain the corresponding values of

specific energy associated with direct normal solar radiation.

The daily direct normal irradiation H; values were used to compare different estimation
procedures in summer and winter conditions for both Padova and Trisaia sites. In the graphs
of Figure 11, the daily prediction error ey is plotted against the daily diffuse fraction k4 for

different estimation procedures.
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Figure 11 — Daily prediction error eq as a function of the daily diffuse fraction kyq in summer (left) and in

winter (right) in Padova (top) and Trisaia (bottom) sites when different estimation procedures are applied.
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For the purpose of clearness, only the Erbs et al. [26] and the Skartveit et al.[29] models are
compared to the indirect measurement method. The daily error es and the daily diffuse fraction
kaq are evaluated according to Eq. 1.7 and Eq. 1.8 .Compared to the models, the indirect method
shows a better accuracy in the evaluation of the daily direct normal irradiation Hy. The models
tend to overestimate the measured Hy at high values of diffuse fraction related to cloudy sky
days. The models tend to underestimate Hy in clear-sky conditions characterized by low values
of the diffuse fraction. The summer datasets are mainly composed of days with daily diffuse
fraction lower than 0.4, while in winter, the daily diffuse fraction is even higher than 0.5 and
the variability of sky conditions is more frequent. These conditions are particularly
unfavourable in the case of Padova where the variability in the sky conditions seems to have a
stronger influence on the prediction of the models, as mentioned in the Paragraph 1.3.1.
However, it can be seen that in the predictions of the daily direct normal irradiation Hy, the
scattering at middle and low values of diffuse fraction results reduced compared to the hourly
results. In summer at Trisaia site, the diffuse fraction reaches lower values compared to the
Padova dataset, and the days characterized by diffuse fraction lower than 0.2 are more frequent.

That reflects the presence of a higher number of clear-sky days during the summer period.

The previous observations can be useful to explain the monthly and seasonal results plotted in
Figure 12 and Figure 13, respectively. Figure 12 presents the monthly prediction errors e for
the different procedures under investigation. Each graph refers to a season and a site. Finally,
Figure 13 highlights the difference in the performance of the models in summer and in winter
for the two sites. This graph compares the indirect measurement procedure and separation

models in terms of seasonal prediction error e.

Referring to Trisaia site, the separation models seem to perform better in winter than in summer
(Figure 13). The reason of this can be related to the compensation between the cloudy days in
the January dataset and the data of the other two winter months characterized by lower daily
diffuse fractions kg4 (Figure 12). Instead, the summer months in Trisaia present mainly clear-
sky stable conditions and lower values of the diffuse fraction. The result is that the separation
models underestimate the measured H; during the summer period. In this season, the most
recent model, the one proposed by Skartveit et al. [29], provides the lower seasonal prediction

error (around 3%).
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Figure 12 — Monthly prediction error e, for summer (top) and winter (bottom) months in Padova (left) and in

Trisaia (right) when different estimation procedures are applied.

Other models predicted the measured H; with errors between —7% and —12%. On the contrary,

in winter the models show a general tendency to overestimate Hs, with seasonal errors always

below 10% (Figure 13). The model of Erbs et al. [26] shows the lowest seasonal dependence

in the prediction accuracy; in winter, it presents an opposite trend with respect to the other

models. In winter, the model of Perez et al. (Perez et al. 1990) has the highest accuracy

(seasonal error lower than 2%), thanks to the compensation among the different months.



Assessment of estimation procedures of direct normal irradiance for solar concentrating systems 34

The summer case in Padova is characterized by the overestimation of all methods under
investigation, however, the seasonal error e; remains lower than 8%. An explanation of this can
be the higher values of diffuse fraction during most of the days, as shown in Figure 11. In
summer, the most accurate model for the Padova dataset is the one of Perez et al. (1990 Perez
et al) (as for the winter case in Trisaia). During winter, the performance of the procedures
strongly degrades. This is probably due to the higher incidence angle combined with higher
variability in the sky conditions. The variability in the winter sky conditions can be seen in the
fluctuations of Hj, in the left graph of Figure 9 (blue points). Furthermore, the overestimation
in the summer case is reduced thank to the opposite trend of the month of July (Figure 12) with
respect to the other months. This reduction further emphasizes the difference between summer

and winter cases.
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Figure 13 — Seasonal prediction error e, for summer and winter in Padova and in Trisaia when different

estimation procedures are applied. The values in brackets refer to the seasonal diffuse fraction k.

The indirect measurement method presents higher accuracy than the separation models and
more stable seasonal performance. At Trisaia test site, the monthly estimation error e, results

lower than 3% for both summer and winter seasons. The resulting seasonal errors are between
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+1%. The indirect estimation in Padova presents higher seasonal errors compared to the case
of Trisaia. The reason for that must be searched in the difference of the measurement systems
and adopted procedures in the two sites, as mentioned in Paragraph 1.2. In any case, the indirect
method presents good accuracy with the measured data. In summer and winter at Padova site,

the seasonal errors of prediction are +3% and +10%, respectively.

Concluding, sky variability affects the accuracy of the models in the estimation of long-term
(daily, monthly and seasonal) DNI, proving the high sensitivity of the correlations to the sky
conditions. When stable sky conditions characterize most of the database, the performance of
the models is better than in the case with higher sky variability. Moreover, for low values of
diffuse fraction, the models underestimate the measured values of DNI. On the contrary, when
the days are characterized by high values of diffuse fraction, the separation models tend to
overestimate the direct normal irradiation along the integration period. The models can show
different behaviour for the two sites under investigation at the same daily diffuse fraction, even
under clear-sky conditions; this suggests that their performance is also affected by climatic and
atmospheric conditions, which can be site-dependent. Regarding the indirect measurement
procedure, it shows good accuracy in estimating long-term DNI both in winter and in summer.
Therefore, the indirect procedure presented in this work can be a valid method to produce long-
term data of direct normal irradiation when measurements from pyrheliometers are not

available.






Chapter 2 Concentrated solar flux in an

asymmetrical parabolic trough concentrator

A solar concentrating collector consists of an optical system, named concentrator, and a
receiver. The scope of the concentrator is to concentrate the solar radiation falling on a larger
surface onto a smaller surface (receiver). Appropriate reflecting or refracting components are
used to increase the flux density of the beam radiation onto a focal region, where the absorber
(receiver) surface is installed to convert the solar radiation into heat or electric energy. The
main advantage of using concentrating systems is the reduction of the heat losses from the
absorber by reducing its area. The ratio of the aperture area of the concentrator to the receiver
area is defined as the geometrical (or optical) concentration ratio and it qualitatively provides
the operating temperature range of a concentrating collector. In ideal optics, parallel rays
normally incident on the aperture area of a parabolic trough are concentrated along a focal line.
To work efficiently throughout the day, the system must be equipped with a tracking system to
maintain the Sun vector on the plane normal to the aperture area and containing the focal line.
In real applications, there is a concentration region around the focal line, whose width depends
on the Sunshape and the total optical error. The Sunshape represents the brightness intensity
distribution across the finite angular size of the Sun disc and the circumsolar aureole and
depends on the sky conditions. The total optical error includes the shape and specular
reflectance errors of the mirrors, the tracking error and the imperfect positioning and alignment

of the receiver.

In this Chapter, the optical performance of an asymmetrical small parabolic trough solar
concentrator is characterized. The final performance of the solar collector results strongly
influenced by the optical quality of the parabolic trough. Adopting a direct measurement
method, the optical performance of the trough is experimentally characterized to define the

solar flux map on the focal region. The aim of the present experimental activity is also to
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develop a statistical ray-tracing model of the concentrator for optical performance analysis in
different working conditions and optimized design of the receiver both for thermal and
photovoltaic applications. By comparing the experimental results with the numerical optical
performance predictions, it is possible to identify the most appropriate value of the total optical

error for the investigated solar device.
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2.1 Concentration in parabolic trough

Linear concentrators with parabolic cross-section have been largely studied and have been
proposed and used for many applications requiring intermediate concentration ratios and
temperatures in the range of 100 to 500°C. Nowadays, parabolic trough concentrators (PTC)
are the dominating technologies in the concentrating solar thermal power market. Parabolic
trough systems representing the bulk of capacity that became operational in 2016 as well as
most of the capacity expected to come online during 2017 [45]. Parabolic trough collectors are
also used to provide process heat for a growing number of manufacturing facilities. Process
heat accounts for around two-thirds of final energy consumption in the industry sector, and
around the 50% of that heat demand is in the temperature range below 400°C and thus suitable

for parabolic trough collectors.

Parabolic trough collectors feature a concentrator shell with parabolic sections in a cylindrical

configuration. The focus of the cylinder parabola is a straight line (Figure 14).

Figure 14 — Parabolic trough concentrator.

The receiver used with this concentrator is typically cylindrical and is enclosed in an evacuated

tubular glass cover; flat receivers have also been used with reflectors of this type [9]. The heat



Concentrated solar flux in an asymmetrical parabolic trough concentrator 40

transfer fluid is heated as it flows through the absorber. The reflecting element of a solar
concentrator should have high reflectance and good specular reflectance. Glass silvered either
on the rear or a second surface is usually used as mirror materials in the parabolic trough. Glass
is the most durable material with low-iron content. It can be used as a transmitting material
whereas aluminium and silver are very good reflecting surfaces with a total reflectance of
approximately 85% — 90% and 95%, respectively [46]. To increase the absorption capacity of
the receiving a surface coating with a strong absorptivity is usually adopted. The coating should
be stable at high temperatures and be cost-effective. Black-chrome appears to be one of the
best selective coatings among the others. Other metal-oxide coatings, namely, black copper
oxide and black nickel, are also used. Selective paints, such as lead sulfide particles in a silicon

binder, can give better results but with increased cost.

The following four parameters are commonly used to characterize the form and size of a
parabolic trough: trough length, focal length, aperture width and rim angle. Figure 15 reports a

schematic of a parabolic trough where the geometrical parameters are highlighted.

Figure 15 — Geometrical parameter of a parabolic trough.
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The focal length f. is the distance between the focal line and the vertex of a parabola. From a
mathematical point of view, this parameter is sufficient to determine completely the parabola.
The rim angle ¢. is the angle between the optical axis and the line between the focal line and
the mirror rim. This parameter alone determines the shape of the cross-section of a parabolic
trough. To determine the cross-section of a parabolic trough completely, i.e. shape and size,
two of the three parameters rim angle, aperture width and focal length are sufficient. The
limiting angle over which the incident solar radiation is accepted (reaches the absorber/receiver
surface after reflection) without moving all or part of the collector, is called acceptance angle,
20.. For larger acceptance angles, solar concentrators can be moved seasonally to track the Sun,
whereas, for smaller acceptance angles, a continuous tracking system is required. Besides the
specific geometrical linear measures of a parabolic trough, also surface area measures are very
important for concentrating systems. The aperture area A4, is the area on the front of the solar
concentrator that accepts the incident solar beam radiation. The receiver (absorber) area A, is
the total area that receives the concentrated solar beam radiation. The aperture area A, the
acceptance 26. and rim ¢. angles, and absorber/receiver size A, and shape may be used to

characterize the ideal optical performance of the collector.

The ratio of the aperture area to the absorber/receiver area defines the geometric concentration
ratio Cg, which qualitatively provides the operating temperature range of a concentrating
collector. The solar concentration ratio for a cylindrical absorber in commercial trough varies
from 5 to over 90. From the point of view of thermodynamic considerations, the upper limit of
the concentration of any concentrating collector has been obtained by Rab/ [47]. It has been
observed that the maximum possible concentration is the reciprocal of the radiation shape
factor between the Sun and the solar concentrator. With reference to Figure 16, it has been
assumed that the Sun is a black body at the temperature Ts and that the collector is surrounded
by vacuum; the fraction of the solar radiation that hits the aperture area A4, of the concentrator
is given by:

rz
— S 4
qs_ap = Aa dz O-TS Eq 2.1
S—ap

Considering a perfect concentrator optics, no radiation is lost between aperture and absorber,

thus the heat radiated from the source to the absorber gs-- coincides with the solar radiation that
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hits the aperture area gs—, of Eq. 2.1. The radiative transfer from the absorber at the temperature

T to the Sun is:

Gr_s = A 0T} Eq. 22

where the term & expresses the fraction of the radiation emitted by the receiver which reaches

the Sun. Obviously, this term cannot exceed unity.

A, iAr

! Collector
]

I
]

Sun

Figure 16 — Radiation transfer from the Sun through the aperture to the receiver of a concentrating collector.

By the second law of thermodynamics, between two bodies of equal temperatures, it cannot be
any net heat transfer. Hence, it can be read off ideal concentration, as the maximum
concentration permitted by the second law of thermodynamics, for any three-dimensional
optics is
dé_, 1
Cyidear3p = = & = Sin2 ()

Eq. 23

Linear focusing concentrators, such as a parabolic trough or linear Fresnel reflector present the
thermodynamic concentration limit for two-dimensional geometries:

1
C

. = Eq. 24
g,ideal,2D sin(@c) q

The maximum of this limit is determined by the minimum acceptance half-angle 6&..

Considering that the solar concentrator is always facing the Sun, the minimum acceptance half-
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angle 6. is equal to the half-angle of the solar disc s, which is about 0.267°. According to Eq.
2.3 and to Eq. 2.4, the concentration limits for a three-dimensional concentrator and a two-
dimensional concentrator are of the order of 40000 and 200, respectively. However, in practice,
solar concentrations are different due to the finite acceptance angles [46]. Considering a
parabolic cylinder, the concentration ratio for a flat absorber depends on whether it is one-sided
or two-sided. A two-sided absorber does not lose any radiation because of shading, but its
surface area is twice as large compared to a one-sided absorber [47]. The concentration ratio

for a flat absorber (one-sided) is given by:

; _sin(go)cos(Pe +0)
g,pc.flat 1 sided sin(BC)

1 Eq. 2.5

The concentration ratio for two-sided flat absorber is related to the concentration ratio for one-

sided flat absorber as following:

Cg,pc,flatz sided = 2° g.pc.flat 1 sided — 1 Eq. 2.6

and reaches a maximum at

1/
(nbc,pc,ideal = E (E - HC) Eq. 2.7

It is interesting to note the existence of a relationship between the geometrical concentration
ratio and temperature at which a solar receiver can operate. The higher the temperature at which
energy is to be delivered, the higher must be the concentration ratio and the more precise must
be the optics of both the concentrator and the orientation system [9]. Assuming, the rest of the
universe (other than the Sun and the absorber) is a black body at the temperature of 0 K. The
radiation emitted by the Sun and absorbed by the receiver characterized by an absorbance a; in

a solar concentrator with a reflectance p. is given by:
Qs—r = PcrAgsin(8,)oTs Eq. 2.8
The radiation losses from the absorber are
Arrad = erArJTr4 Eq. 2.9

where ¢, 1s the emittance coefficient of the absorber in the spectral region corresponding to the

surface temperature of the receiver. If a fraction 7., of the incoming solar radiation (Eq. 2.8) is
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extracted as useful heat and lost by convection or conduction, then the energy balance of the

absorber reads

As—r = Qrraa T Ncqs—r
Eq. 2.10
(1- 77)pcarAaSin(es)O-TS4 = & A 0T;
From the previous equations, it results that the temperature at which a solar receiver can operate

in a concentrating collector depends on the actual and ideal geometrical concentration ratios:
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Figure 17 — Relationship between geometrical concentration ratio and temperature of the receiver [9].

The highest possible temperature of the receiver is 7s (around 6000 K). This condition can be
reached only if no heat or radiation is lost, and if the actual geometrical concentration ration

equals the three-dimensional ideal concentration ratio. For two-dimensional concentrators, due
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to the limited ideal geometrical concentration ratio, the absorber temperature 7 is reduced by
a factor 213" (around 1/4). Figure 17, proposed by Duffie and Beckman [9], shows practical
ranges of concentration ratios and types of optical systems needed to deliver energy at various
temperatures. The lower limit curve represents concentration ratios at which the thermal losses
will equal the absorbed energy; higher ratios will then result in lower useful gain. The shaded
range corresponds to collection efficiencies of 40 to 60% and represents a probable range of
operation. Also shown are approximate ranges in which several types of reflectors might be

used.

The work of Hoffschmidt et al. [48] contains an exhaustive survey of the evolution of the design
and manufacturing of PTC as well as their constructions details. The following brief overview
of the commercial model of PTC referred mainly to this work. At the beginning of the technical
development in the early 1980s, the size of the trough has been increased from 34 m? for the
Acurex model to 128 m? for the Luz LS-1 collector. The Luz LS-1 PTC presents an aperture
of 2.5 m and a concentration ratio of 61. The next generations of the Luz collectors represent
the standard by which all other collectors are compared [49]. The mirror aperture of the Luz
LS-2 was increased to 5 m and its length was 49 m. For reducing manufacturing costs, Luz
designed the larger LS-3 to lower manufacturing tolerance and steel requirements. The LS-3
reflectors were the last design produced by Luz and they were made from mirrored glass panels
with a width of 5.76 m and a 4 m long receiver. The design of the EuroTrough PTC was based
on the LS-3 collector technology of Luz. It has been developed for the generation of solar steam
for process heat applications and solar power generation. The aperture length of the mirror is
5.45 m and its optical concentration is 94 [50]. The outcome of the EuroTrough project was
above all the prototype of commercial products under test [48]. Under the US Department of
Energy’s USA Trough Initiative, Solargenix developed a new collector structure through a
cost-shared R&D contract with NREL [51]. In 2005, Flagsol GmbH jointly with Schlaich
Bergermann und Partner (SBP), Fraunhofer Institute for Material Flow and Logistics (IML),
and DLR started the development and design of the next generation PTC, named HelioTrough
[52]. Compared to the EuroTrough collector, this new approach provides the same thermal
output with 10% smaller solar field. In 2010, SBP and Fraunhofer IML started the development

of the next generation collector for parabolic trough power plants under the leadership of
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FLABEG Holding GmbH. The new design of the Ultimate Trough collector was developed
with an aperture width of 7.5 m [53]. As a further result of improved efficiency, the Ultimate
Trough technology allows a reduction of the investment cost for the solar field. The latest
version of the Abengoa Solar’s PT-1 PTC system is the result of more than 20 years of
continuous improvement aimed at increasing performance and durability while reducing costs
and maintenance requirements [48]. The trough is 6.1 m long and has an aperture area of 14
m?. A compact roof-mounted value-engineered version of the PT-1 of this collector was
designed with a surface of about 4 m?. It employs the same unique patented space frame design,
but its smaller profile reduces wind loads to allow roof-mounting. The collector performance
is similar, although the delivered energy is estimated to be 5—10% less than the original design
of the PT-1 [54]. Other PTC models have been tested in experimental facilities or installed in
demonstrative projects, however, their design is based on the older model that has been

presented.

Nowadays, the investment on the research activities with the aim to develop, design, and
optimize the first prototypes and introduce new models of PTC in the market has been
significantly reduced as compared to the last three decades. Universities, research institutes as
well as industries have focused their research activities in the development and optimization of
system components, such as innovative receivers. The major thermal losses from a
concentrator/receiver assembly for normal incidence are due to convection and irradiation from
the absorber surface to the surroundings. To improve the performance of a solar concentrator,
the rate of thermal losses from the receiver must be minimized. This implies the reduction of
the receiver area. However, a small a size of the absorber can imply a reduction in the capacity
of collecting the focused solar radiation and poor optical performance. Hence, a compromise
must be made between the optical and thermal performance of the solar concentrator to obtain
a suitable concentration ratio [46]. To reduce the outward losses from the absorber by
convection and radiation to the atmosphere, receivers may have transparent covers. The cover
should present a low solar absorption. Glass with low-iron content is generally used as glazed
materials for the receiver. Plastic is usually avoided to due to low service temperature limit and
ultraviolet degradation. Moreover, the addition of an insulating layer helps to reduce heat losses
from the unirradiated portions of the receiver. Evacuated tube receivers have also been used to

eliminate convection heat losses.
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2.1.1 Solar tracking system

The solar tracking system plays a crucial role in the development of solar energy applications,
especially in solar concentration systems. In these systems, high precision tracking is required
to follow the Sun on its trajectory as it moves across the sky and to ensure that the solar

collector can harness the maximum amount of solar energy throughout the day [55].

A solar tracking system is a sophisticated device comprising of electronic control circuitry and
mechanical elements that orient the collector towards the virtual path of the Sun from Sunset
to Sunrise. There exist two main classes of solar tracking systems: single-axis (or one-axis)
tracking systems, used with large linear concentrators and dual-axes (or two-axis) tracking
systems, which are needed with three-dimensional concentrators. In the former type, the
tracking system drives the collector about an axis of rotation until the Sun central ray and the
aperture normal are coplanar. Such systems can be distinguished in horizontal-axis tracker
(tracking axis is to remain parallel to the surface of the Earth and it is always oriented along
East-West or North-South direction), tilted-axis tracker (tracking axis is tilted from the horizon
by an angle oriented along North-South direction e.g. Latitude-tilted-axis Sun-tracker) and
vertical-axis tracker (the tracking axis is collinear with the zenith axis) also known as an
azimuth Sun-tracker [56]. Single-axis trackers require only one degree of rotational freedom,
but they cannot follow the Sun with absolute accuracy due to the seasonal variation of the tilt
of the Earth’s equatorial plane with respect to the Earth’s orbital plane. Dual-axes Sun-trackers
follow the Sun in the horizontal and vertical plane. This system is capable of perfect alignment
with the Sun at all times, reaching optimal collection efficiency. Two-axis trackers may be
distinguished the in tilt-roll solar tracking systems and in the more common azimuth-elevation
systems. In azimuth-elevation systems, the tracking angle about the azimuth axis is the solar
azimuth angle and the tracking angle about the elevation axis is the solar elevation angle. The
enhancement in performance brought about by solar tracking compared to a fixed system is
largely dependent on the latitude of the installation as well as the design. The study by Cotfras
et al. [57], performed in Germany on a basis of 15 hours of sunlight, has shown that a dual-
axes tracker has a relative fully power output of for 9 consecutive hours, while a single-axis
tracker maximizes the power output for 5 h and a fixed system shows that the power output is

at its limit for only 1 hour.
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Any solar tracking system is provided with a electronic control system and must be designed
for the continuous orientation or positioning of the solar collector with respect to the Sun
vector. The Sun vector describes the solar azimuth and elevation angles from the perspective
of a specific position and orientation on the Earth. Solar tracking system must be able to track
the Sun at the right angle, even during periods of cloud cover. Different motion control logic
approaches exist to assure a proper tracking accuracy. These concepts include open-loop
control systems, closed-loop control systems, and a hybrid control system where open-and -
closed-loop approaches are combined. In open-loop solar tracking systems, the Sun vector is
calculated from astronomical algorithms and an open-loop sensor such as encoder will ensure
the right positioning of the concentrator. Such tracking approaches may achieve tracking
accuracies of around 0.2° provided that the mechanical structure is precise and the alignment
is perfectly done [55]. Closed-loop Sun- tracking systems typically produce better tracking
accuracy. In this tracking approach, one or more optical sensors, such as photodiodes, CdS
Photo Cells or CMOS Sun sensors, may be utilized to sense the position of the solar image on
the receiver. These sensors are typically mounted on the concentrator structure to inform the
control mechanism with feedback signals whether the solar tracking system is precisely
oriented and adjust the collector to a position directly facing the Sun. The main disadvantage
of closed-loop solar tracking systems is that the optical sensors devices are dependent on solar
visibility, which is easily affected by clouds, weather conditions and environmental factors. In
fact, any closed-loop Sun-tracking systems will lose its feedback signal and subsequently its
track to the Sun position when the sensor is shaded or when the Sun is blocked by clouds.
Modern solar trackers combine open- and closed-loop approaches in a hybrid-loop control
mode system able to track the Sun in any sky conditions with a high pointing accuracy. Any
discrepancy between the angles calculated through an astronomical algorithm and real-time
position of the solar concentrator provided by the optical sensor can be detected and corrected.
With this feedback, the pointing control system ensures that any tracking errors due to wind
effects, mechanical backlash, installation mismatches, accumulated errors or other disturbances

in the positioning of the parabolic dish can be corrected or eliminated.
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2.2 Prototype of an asymmetrical small parabolic trough

concentrator

Figure 18 — Schematic of the prototype of asymmetrical parabolic trough linear solar concentrator.

The small prototype of linear solar concentrator considered in this thesis is an asymmetrical
parabolic trough. Figure 18 reports a cross-section of the concentrator, whereas Figure 19
reports the concentrator in its installation at the Solar Energy Conversion Laboratory on the
roof of the Department of Industrial Engineering at the University of Padova. The concentrator
cross-section is a segment of a parabola that extends from the vertex to the mirror rim. More
precisely, the lower rim of the reflective optics is on the parabolic profile at 35 mm from the
vertex line, to allow the arrangement of the receiver without any shading. The concentrator
exhibits an aperture width of 2.9 m, a rim angle of 78.7°, a focal length of 1.8 m and a trough
length of 2.4 m, resulting in an aperture area equal to 6.96 m”. The reflecting optical system is
made up of four reflective panels produced by Ronda High-Tech S.r.l. arranged in two rows
[58]. These reflective panels were initially developed in collaboration with the laboratories of
the ENEA Research Center Casaccia in Rome and subsequently improved as a result of

experiences during the Archimedes project at the ENEL Power Plant in Priolo Gargallo. Each
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reflective panel is one-quarter of an arc of a parabola, and therefore comes in two types that
together produce a cylinder parabolic surface with focus placed at around 1.8 m. The support
panel is realized with a pre-impregnated thermosetting low-profile sheet moulding compound
which allows the moulding of pieces of considerable size with very strict dimensional
tolerances due to its very low shrinkage coefficient. The concave part of this support panels
presents a smooth surface with a parabolic profile on which a back-silvered glass facet is

applied with a thin double-sided adhesive film.

Figure 19 — Prototype of asymmetrical parabolic trough concentrator installed at the Solar Energy

Conversion Lab of the University of Padova.

As reported by the manufacturer [58] , the achievement of values of thermal linear expansion
coefficient close to the ones of the glass is fundamental both for not tensing the glass itself up
to values close to or higher than those of breakage during the thermal excursions which it is
subjected to during operation, and to prevent phenomena of detachment of the glass from the
support and finally, to ensure a stability of shape suitable to different environmental
temperatures. The use of a thin glass (1 mm) has two main advantages: reducing the effect of
solar radiation absorption and reducing the effect of refraction, which are both proportional to

the thickness of the glass. Figure 20 reports the solar reflectance of the mirror as a function of
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the incident angle of the considered ray: the average value of the reflectance results assumed

96%.
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Figure 20 — Solar reflectance of the back-silvered mirror of the Ronda High-Tech reflective panel as a

function of the incidence angle [59].

Due to its small dimensions, the considered prototype of the solar concentrator is equipped
with a two-axis solar tracking. This tracking system points the concentrator to the Sun in order
to have the direct irradiance normal to the aperture area avoiding any cosine loss while working.
The motion of the tracking system is regulated by a solar algorithm when approaching the Sun
and by a light sensor when achieving the best receiver alignment. The solar tracking accuracy
is less than 0.2°. The particular geometry and tracking system of the present concentrator have
been adopted for experimental research purposes to facilitate the access to the focal line, the
arrangement of the sensors and the device control. Furthermore, the peculiar asymmetric
geometry of this parabolic trough concentrator is suitable to be coupled with receivers
displaying a flat geometry absorber rather than conventional tubular receivers. As an example,
the receiver may be similar to some trapezoidal cavity receivers generally mounted on linear

Fresnel solar collectors.
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2.3 Concentrator optical losses and characterization of the

concentrated solar flux

The geometrical concentration ratio depends only on the geometrical parameters of the
concentrator and it does not incorporate the effects of any optical losses, which accounts for
the solar beam dispersion occurring between the concentrator aperture and the receiver. The
geometrical concentration ratio C, as defined in Paragraph 2.1, is actually an average
concentration over the receiver and it provides only a qualitatively indication of the operating
temperature range of a concentrating collector. In real applications, there is a concentration
region around the focal line, whose width depends on the optical errors of the concentrator and
on the Sunshape, which represents the distribution of brightness from the centre of the solar
disc. The concentrated solar flux is usually characterized by its distribution in the focal region
and by defining the local concentration ratio. In contrast to the geometrical concentration ratio
Cyg, the local concentration ratio, or flux density concentration ratio, takes account of all the
optical losses occurring in the concentrator and the non—uniformly illumination. This parameter
is defined as the ratio of the concentrated radiation at any point on the absorber/receiver to the
incident beam radiation at the entrance of the solar concentrator. Each optical element of the
concentrator contributes to the concentrated solar flux on an appropriate area of the receiver.
To determine the concentrated solar flux is thus necessary to sum over all elements of the
concentrator, taking full account of the Sunshape, of the local angle of incidence on the receiver
and of the displacement of the aim point of each element relative to the focal region. The
characterization of the distribution of the solar flux density on the focal region has become
pivotal for the design and improvement of concentrating solar collectors for both thermal and
photovoltaic applications. In the development of new prototypes linear concentrating solar
collectors, solar flux mapping on the focal region indicates if the fixing structure of the
reflective mirrors is adequate to reproduce the desired ideal shape of the optical system.
Moreover, periodical monitoring the concentrated solar flux and its distribution 1is
recommended to assess the accuracy of the tracking system, the durability of the mirror

reflectance and the stiffness of the mechanical structure over time
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To optimize the performance, the geometry and the configuration of the receiver should be
designed according to the width of the concentration region and the solar flux distribution. In
fact, once the concentrated solar flux has been measured and the aperture width of the receiver
is known, one can calculate the optical efficiency 70 and the intercept factor y.. The first
parameter is defined as the ratio of net thermal energy rate available at the receiver to the
incident beam radiation available after the concentration process by the concentrator and the
absorption by the receiver. It is often calculated according to equation Egq. 2.12, dividing the
incident radiative heat flow rate intercepted by the absorber/receiver ginc, 4- by the radiative heat
flow ginc, 4. ON the portion of the concentrator aperture area, which is given by the of the product

of the DNI and the considered aperture area 4, of the concentrator:

Qinc,Ar _ Qinc,Ar
Qinc,A, DNI - A,

1m,(4r) = Eq.2.12

This efficiency includes the effect of the shape of the mirror surface, different sources of optical
loss (reflection, transmission, and absorption), shading by the receiver, and the incident angle
of solar beams [46]. However, it does not take account of the thermal losses occurring in the

solar collector.

The intercept factor y, is a common parameter used to characterize the effect of the non-uniform
distribution of the concentrated heat flux distribution on the area of the receiver. This parameter
expresses the fraction of focused solar beam radiation intercepted by the absorber. It is
calculated as the ratio of the incident radiative heat flow rate intercepted by the absorber for a
given size of the receiver ginc, 4-, and the radiative heat flow rate reflected by the mirrors, which
is given by the product of the DNI, the considered portion of the concentrator aperture area A,

and the reflectance of the mirrors p.:

Qinca, T (4r)
NI - p; Aq Pc

A,.) = Eq. 2.13
Vr( r) D q

It easy to see that, once the reflectance of the mirrors p. is known, the intercept factor y, can be
determined from the optical efficiency 70 and vice versa. The value of the intercept factor
depends on the size of the absorbing surface. The receiver width must be just large enough to

intercept most of the flux, otherwise fictitious geometric concentration ratios can be obtained
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with arbitrarily large or small (if the receiver is oversized) receiver. To ensure an acceptable
performance of the solar concentrating collector, the intercept factor should be higher than
90%. In the case of photovoltaic applications, the arrangement of the solar cells in the receiver
and, when present, a secondary optics must be designed considering that the non—uniform
incident flux is expected to cause hot spots, current mismatch and a reduction in the electrical
efficiency [60]. On the other hand, in solar thermal collectors, the non—uniform distribution of
the concentrated solar flux on the external surface of the absorber can lead to perimetral
temperature gradients. This is associated with differential thermal expansions that cause
thermal stresses, whose effect can be very serious in some working conditions as reported by
many researchers [61-64]. In practice, to avoid this situation, a high mass flow rate is pumped
in order to achieve a turbulent flow condition inside the tubular absorber. This approach is
generally adopted CSP plants but cannot be always applied in medium-temperature
concentrating collectors, especially for direct steam generation, where a certain flexibility of
operation is required to maximize the working hours per day under stable conditions. In
medium-temperature applications, the use of receivers with heat transfer enhancement
represents an interesting solution and the solar flux mapping is of significant importance in

their design.
2.3.1 Sunshape and concentrator optical errors

The Sun presents an object which is effectively at infinity, but the Sun-Earth distance causes
the solar disc to subtend an angle of 32” at a point on the Earth’s surface. Thus, because the
Sun is not a point source, even a perfect optical system produces an image of finite size. An
ideal image formed at a distance of 1000 m would have a typical radius of 5 m (common in
central receiver systems) or at 10 m would have a radius of 50 mm (typical of distributed
receiver systems such as in parabolic troughs) [65]. The brightness intensity distribution across
the finite angular size of the Sun and the circumsolar aureole, shortly called Sunshape, depends
on the sky conditions. In fact, in space, the Sunshape results well defined against the cold
background space with a sharp rim. The extra-terrestrial irradiance is modified upon traversing
the Earth's atmosphere due to absorption and scattering by fluid drops and different kinds of

gases and solids. These atmospheric effects together lead to solar brightness distribution and
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create the circumsolar aureole. For this reason, the simple flat top distribution is often replaced
by a more realistic limb darkened distribution. Frequently, the bivariate Gaussian distribution
is chosen as an approximation of the Sunshape. This distribution is well behaved everywhere
and falls rapidly to zero for angles greater than two sigma. Furthermore, it is particularly easy
to work with and is a suitable approximation for many error functions. In fact, by adding the
standard deviations in quadrature, is possible to approximate the effects of optical errors of the
concentrator to obtain the resulting distribution function [65]. The optical of error arising from

many individual sources are usually combined in a single parameter called, total optical error.

The lack of perfection present in every real concentrator, such as the shape and specular
reflectance errors of the mirrors, the tracking error, and the imperfect positioning and alignment
of the receiver can affect the quality of the concentration provided by a concentrator. A proper
characterization of the errors present in an optical system can become quite challenging
because it depends on the application and on a number of other factors. However, as reported
by Winter et al.[65], the nature of tracking collectors leads to a reasonably standard attribution

of errors, from the microscopic level to the system level (Figure 21).
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Figure 21 — A graphical representation of the several classes of optical errors [65].

Specularity error (or specular reflectance error) accounts for the local inhomogeneities and
imperfections at the microscopic level that is present on the mirror surface. The displacements

of the surface from the desired location are usually combined in the contour error. This error
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can arise from manufacturing errors, thermal or gravity effects on the support structure, design
approximations to the correct optical surface, etc. However, as these displacements only
introduce a small fractional change in the distance to the focal region, they can generally be
ignored under the guidelines of concentrator optics. Small distortions causing slope errors, on
the other hand, deflect the beam through a large lever arm (the focal distance) and must be
considered carefully[65]. Tracking error can have several origins such on-off tracking
algorithm, drift, error in aim point and ambient effects on the tracking devices. This error
produces an instantaneous degradation in the concentration, which may affect the performance
of the collector. Because the subtended angle of the solar is equal to 32°, optical errors which
deflect the reflected beam substantially less than this value do not contribute to the reduction

in the concentration of the solar radiation and can be neglected.

2.3.2 Concentrated solar flux

Concentrated flux is measured to determine the total amount of energy incident on a receiver
aperture, or to examine the detail of the spatial distribution of the focal region. The
measurement of the concentrated solar flux on the focal region of a concentrator can be
performed through different techniques that can be classified as direct, indirect and

measurement-supported simulation methods.

Direct measurement methods refer to the use of a flux sensor, whose response can be directly
associated with the concentrated solar flux. In order to get a fine spatial resolution of the solar
flux map, these sensors should have a small aperture and should be either distributed in the
focal region or installed in handling systems to scan the concentration region[66]. In both cases,
an interpolation of the experimental data collected at specific points of the concentration region
is required to determine the solar flux map. In the former, many sensors are needed to obtain
results with low uncertainty, but this entails that the measurement system has a very high
investment cost. Furthermore, the spatial resolution may be modest. In the latter solution, the
handling system should be suitable to the geometry of the investigated concentrator; this
solution allows to scan quickly the focal region and to collect much more experimental points
as compared to the case of stationary and distributed sensors, thus increasing the accuracy of

the results. The most common sensors employed in concentrating collector analysis are
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radiometers and calorimeters [67]. Radiometers deliver an electrical response that varies with
the incident radiation. This electrical signal may be either a current generated by a
photodetector or a voltage coming from a differential temperature sensor such as a
thermocouple for the Gardon radiometer or a thermopile for the more recent heat flux
microsensors (HFMs). Heat flux microsensors have been used by Ballestrin [68] to investigate
the concentrated solar flux distribution on a central volumetric receiver of a heliostat field at
the Plataforma Solar de Almeria. Ferriere and Rivoire [69] and Parretta et al. [70] designed
and realized two different radiometers arranging a photodetector respectively inside a single
integrating sphere and two integrating spheres optically interconnected. Fernandez-Reche et
al. [71] presented a comparative test performed in a solar furnace measuring concentrated solar
flux using both a Gardon radiometer and a GaAs photovoltaic cell as photodetectors.
Riffelmann et al. [72] developed the parabolic trough flux scanner (PARASCAN) to detect the
solar flux on the tubular receiver of parabolic trough collectors having an aperture width of
5.76 m. The measurement system consists of two arrays of 96 photodiodes each, placed behind
translucent Lambertian targets. The first array is arranged in front of the receiver tube, to detect
the beam irradiance reflected by the mirrors towards the concentration region, while the second
array is located behind the receiver, to measure the optical losses. The two arrays are fixed on
a sliding carriage moved by a remote control. Integrating the data collected on the first and on
the second array, the intercept factor of the parabolic concentrator can be calculated. When
using a calorimeter mounted in the focal region of a concentrator, the solar flux can be derived
from a thermal balance between the radiant power incident on the device aperture and the heat
flow rate transmitted to a cooling fluid flowing through the sensor. Pérez-Réabago et al. [73],
Estrada et al. [74] and Jaramillo et al. [75] employed calorimeters to measure the solar flux in

point-focus concentrators.

Direct measurements techniques are rarely adopted, due to practical reason presented above.
Reasonable approximations of the receiver flux density distribution are usually obtained
through indirect measurement techniques or more commonly with the use of simulation ray-
tracing tools Nevertheless, the models adopted in the simulations must be calibrated and
validated by comparison with experimental data. In indirect measurement methods, digital

cameras (CMOS cameras or, more often, CCD cameras) equipped with appropriate filters and
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zoom lenses are used to capture one or more images that can be related to the solar flux
distribution after processing. The captured images are in grey-scale map, so they can only give
qualitative information. To correlate the grey-scale value of each pixel to a physical irradiant
flux value, the system must be calibrated in situ. If accurately implemented and calibrated,
indirect methods provide very high spatial resolution, high reliability and short measurement
time. In most cases, the digital camera records the concentrated solar radiation reflected off a
target which exhibits a diffuse reflectance very close to ideal Lambertian reflectance (camera-
target method). This means that, whatever the angle of observation, the target surface appears
equally bright. Ballestrin and Monterreal [76] evaluated the concentrated solar flux on a central
receiver of a heliostat fields by capturing images with a CCD camera on a moving uncooled
Lambertian target. This target swings in front of the receiver aperture area and intercepts the
reflected solar beam radiation in a measurement plane. Moving or cooling the target is
necessary for high concentration ratio systems, where the concentrated flux may overheat and
damage it. Two water-cooled Gardon radiometers placed very close to the receiver aperture are
used to calibrate the CCD camera. Riffelmann et al. [72] implemented the calibrated CCD
camera-target method for flux mapping on the focal region of a parabolic trough concentrating
solar collector. The Lambertian target has a notch which allows enclosing the tubular receiver
and it can be moved through a telescopic arm along the focal region. On the target, higher and
lower concentration areas, as well as solar rays missing the absorber tube, can be observed.
After image processing, an approximate value of the local intercept factor y, can be calculated.
A new method, that has been applied to few receivers so far [66,77], regards the use of only a
digital camera, directly applied to external receivers, without Lambertian targets. It is related
to many sources of error that should be carefully considered. First, the assumption of a perfectly
diffusing material of the receiver is definitely not exact: its real reflectance should be
characterized using a gonioreflectometer. Secondly, the receiver is provided with a selective
coating with a high absorbance (and low reflectance) in the wavelength range of the solar
spectrum. Besides, the temperature of the receiver surface is much higher than the ambient air
temperature, hence, a special filter that can cut off thermal radiation emitted by the receiver in
the infrared range should be adopted. Finally, the use of different filters during the calibration
procedure and during tests may entail errors due to the difference between the actual

attenuation factors and the manufacturers' specifications. Total errors associated with this
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method can be up to 20% - 40%, mainly because of large uncertainty in receiver reflectance
and in filters' attenuation factors. LUpfert et al. [78] presented a second version of PARASCAN
to evaluate the flux distribution on the focal region of a parabolic trough with great accuracy.
Fiber optics are arranged instead of photodiodes, behind the translucent Lambertian targets of
the two parts of the moving measurement system. Each sensor part is composed of 12 segments
where 16 optical fibers are mounted at distances of 2.5 mm., giving a very high spatial
resolution. The optical fibers transmit the beam radiation concentrated on the focal region to a
CCD camera equipped with neutral density filters, out of the hot region. A direct calibration of
the system under natural sunlight is possible. From the measured flux maps, intercept factor y,

has been calculated with an experimental uncertainty of about + 1%.

The last class of methods involves the use of ray-tracing codes, which have proved to be
powerful tools to model many different solar concentrating collectors as they can be used to
evaluate the solar flux on any surface. Nevertheless, the accuracy of the results depends on the
quality of the input parameters: concentrator shape, tracking and receiver positioning errors,
optical defects, optical properties of the materials and atmospheric conditions. In this regard,
Xiao et al. [79] reviewed and discussed the advantages and the disadvantages of the three main
methods for the measurement of surface shape and optical quality of solar concentrators: video
scanning Hartmann optical test, photogrammetry and deflectometry. Furthermore, the results
obtained from simulations should be validated against merely experimental measurements, in
which, in this case, a high resolution and an extreme complexity are not required. Schiricke et
al. [80] developed an optical model of a parabolic trough solar concentrator by implementing
in a Monte Carlo ray-tracing software the photogrammetrically measured the geometry of the
collector. The nominal optical properties of the materials, the incidence angle of the solar rays
on the aperture area and the measured values of direct normal irradiance and assuming a typical
clear-sky Sunshape have been implemented as inputs. The receiver has been represented as a
linear tube without bowing and the errors in its positioning have been accounted for. Finally, a
tracking error of 1 mrad has been assumed. The model has been validated by comparing the
numerically calculated intercept factors and the flux map to those measured with an indirect
method. It proved to be very accurate and reliable, hence it can be used to study the effect of

different combinations of parameters on the collector performance. In the work by Réger et al.
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[66], a ray-tracing code has been employed to simulate the flux density distribution on the focal
region on a solar tower of a heliostat field. In the optical model, the heliostat shape errors were
accurately measured using deflectometry, the receiver position relative to the heliostat field
was determined by tachymeter measurements while the measured direct normal irradiance and
a clear-sky Sunshape were taken as inputs. The heliostat reflectance is chosen in a way that the
simulated and the measured solar flux on a radiometer mounted in the receiver area match. A
random tracking error of 0.9 mrad for each axis has been considered. The simulations have
been compared to the results obtained by applying an indirect solar flux mapping method which
involved the use of a digital camera and the white radiation shield mounted around the aperture
of the receiver as a target. A good agreement was found. Finally, to prove the reliability of the
proposed technique, a comparison has been performed between the predicted receiver input
power and the reference value derived from the previous application of a moving bar indirect
method on the same system. As a final remark, the validated ray-tracing code proved to be able

to predict the incident power on the receiver with a low deviation.
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2.4 Experimental measurement of the concentrated solar flux of

an asymmetrical parabolic trough concentrator

In this thesis, a direct method based on the use of a radiometer mounted on a handling system
is used to measure the solar flux map on the concentration region of a PTC that has been
designed for installing receivers equipped with flat absorbers [81]. The aim of the present
experimental activity is to investigate the optical performance of the asymmetrical concentrator
and to determine the appropriate parameters for a statistical ray-tracing modelling of the
system. This experimental activity can be useful to identify weak points in the fixing structure

of the mirrors for future improvement of the optical system.

A water-cooled heat flux microsensor HFM1000-1 manufactured by Vatell Corporation is used
to measure the concentrated solar flux along the optimal concentration plane of the
asymmetrical parabolic trough. A heat flux microsensor (HFM) consists of a thin thermal
resistance layer sandwiched between many thermocouple pairs forming a differential
thermopile that can measure very high heat flux. This kind of sensors is best suited for heat
flux values above 1 kW m™2, with no practical upper limit [82]. The HFM working principle
was firstly described by Hager et al. [83]. The inner structure of a heat flux microsensor is

reported in Figure 22.
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Figure 22 — Schematic of the inner structure of heat flux microsensor [83]
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The output of the thermopile is a voltage signal directly proportional to the incident heat flux.
Because it is made with thin-film sputtering techniques, the entire sensor is less than 2 mm
thick [83]. Due to the small thickness of the thermopile, the HFM can assure high-frequency
response. The response time of the Vatell Corporation HFM1000-1 is limited to 300 us due to
the present high absorptance black coating Pyromark 12000on the receiving face, as usual for
radiant flux measurement and for applications in concentrating collectors. The coating is a
high-temperature paint which has a solar emittance coefficient of 95 % as declared by the
manufacturer. According to the study by Song et al. [84], the total infrared spectral emittance
of this coating is higher than 93% in the wavelength range between 3 um and 14 pm. Therefore,
unlike other coatings such as Zynolite [85], there is no need to introduce corrective
dimensionless factors to account for the differences between the solar irradiance spectrum and
the irradiance spectrum of the black body (at about 850°C) employed for the calibration of heat
flux microsensors. The combined use of high-temperature materials and water-cooled body
allows the sensor to operate at temperatures that exceed 300°C. In the HFM-1000 series
sensors, the sensor is put into a water-cooled copper body (Figure 23).
L LA, W,

Sensor

\ Water-cooled
body

Figure 23 — Heat flux microsensor Vatell Corporation HFM1000-1 [86].

Water cooling is necessary for applications requiring a continuous monitoring of the
concentrated flux or to reduce the influence of the ambient conditions on the measurement
accuracy. In fact, if the average temperature of the cooling fluid (distilled water) passing
through the sensor is close to the ambient air temperature, the effect of convection and radiation
heat losses on the measurement of the concentrated flux can be neglected. A platinum thin film

resistor which surrounds the heat flux sensor provides the temperature measurement. Sensor
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temperature measurement is very useful for checking the heat flux calibration and determining

the heat transfer coefficient.

The solar flux mapping system has been designed so that, during the experimental tests, the
measuring plane corresponds to the optimal concentration plane. The water-cooled heat flux
microsensor described above is mounted on a two-axes semi-automatic linear handling system
to scan the focal region. reports the measuring plane identified by the x and z-axes. Figure 24
shows the scanned area by solar flux mapping system installed on board the prototype of the
small asymmetrical parabolic trough concentrator considered in this work. The motion of the
sensor along the horizontal axis (x-axis) parallel to the focal line is allowed by an aluminium
bar provided with a sliding carriage. The carriage can be stopped at ten fixed positions along

the x-axis by appropriate blocking elements.

Figure 24 — Vertical (z-axis) and horizontal (x-axis) measuring axes of the solar flux mapping system and

focal line of the asymmetrical small parabolic trough concentrator.

The sensor is moved along the width of the concentration (z-axis) by an electrical linear
actuator connected to the sliding carriage. On the top of the actuator, an aluminium element
supports the heat flux microsensor (Figure 25). This supporting element allows for fine

adjustments of the sensor positioning.
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Figure 25 — Heat flux microsensor (HFM) arranged on its supporting element and electric linear actuator

mounted on the sliding carriage of the x-axis.

The electrical linear actuator Gimatic LV25150 is based on a recirculating ball-bearing guide
system and presents an integrated encoder. Its maximum stroke is of 150 mm at a variable
speed from 0.001 m s™! to 2 m s™! and a maximum positioning repeatability of 0.1 mm. Figure
26 reports a schematic view of the electric linear actuator mounted on the sliding carriage
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Figure 26 — Side and front schematic views of the of the two-axes semi-automatic linear handling system
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The laboratory includes a first class Kipp&Zonen CHP1 pyrheliometer mounted on a high
precision EKO Instruments STR-22G solar tracker that is used to measure the direct normal
irradiance. An Agilent 34970A Data Acquisition / Data Logger Switch Unit registers the
electrical signals coming from the actuator, the heat flux microsensor, and the pyrheliometer.
Before every experimental test, the reflecting facets of the parabolic trough concentrator, the

Sun sensor and the pyrheliometer have been cleaned.

The solar flux map has been experimentally characterized on a trough length of 1200 mm along
the x-axis, corresponding to a single row of parabolic mirrors. During the test runs, the other
row of parabolic mirrors has been shielded. Concentrated solar flux measurements have been
performed according to the following procedure. First, the electrical linear actuator is brought
at the first measuring point along the x-axis (at about 30 mm from the projection of the side
rim of the mirrors row on the focal line), in which the heat flux microsensor is about 65 mm
under the ideal focal line of the concentrator. Figure 27 reports the sensor in the starting

position for a solar flux mapping test.

Figure 27 — Starting position of the heat flux microsensor. The electric linear actuator is completely down in

its starting position, 65 mm under the ideal focal line of the concentrator.
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Once the sensor reaches its starting position, the working cycle of the actuator is started: a slow
rise for collecting the experimental data is followed by a quick descent to bring the actuator
back to its initial position before moving it to the next measuring point along the x-axis. At the
end of the slow rise phase, the sensor is 65 mm above the ideal focal line, thus the investigated
width on the concentration region is of 130 mm, centred on the ideal focal line. During each
test, four values are registered by the data acquisition system: the position of the sensor, given
by the electrical output signal of the actuator's encoder, the heat flux and the temperature
signals from the heat flux microsensor and the direct normal irradiance measured by the
pyrheliometer. The series of data collected during a test are considered for data reduction if the
variations of the direct normal irradiance are within the experimental uncertainty of the
pyrheliometer (£3% of the average value, with a level of confidence of 95.45 %). The number
of collected data for concentrated solar flux depends on 3 parameters: the number of measuring
position along the x-axis, the actuator's speed along the z-axis and the sampling rate allowable
by the data acquisition system. The higher the number of experimental data the more accurate
the resulting solar flux map. The heat flux microsensor is cooled by a flow of 0.02 kg s of
distilled water. The temperature of the cooling fluid at the inlet of the sensor is kept constant
by dissipating the heat flow rate coming from the concentrated solar radiation to the

groundwater.

The uncertainty analysis has been performed in agreement with the guidelines provided by the
“Guide to the Expression of Uncertainty in Measurement” [37]. Type B uncertainties of the
measured parameters, resulting from calibration of instruments, calibration certificates,
manufacturers' specifications and uncertainties assigned in reference handbooks, are reported

in Table 2 with a level of confidence of 95%.

Table 2 — Type B uncertainty of measured parameters during the experimental

measurement of the concentrated heat flux.

Ambient air temperature +0.07°C

Direct normal irradiance * 4.5% of measured value
Horizontal coordinate +5mm

Vertical coordinate +3mm

Wind speed * (0.1 m/s + 1% of measured value)
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The experimental procedure reported in the work of Bortolato et al. [81] has been adopted to
evaluate the optical performance of the present asymmetrical concentrator. To define
accurately the solar flux map and to calculate the incident power on an area within the
concentration region, an interpolation of the experimental data has been performed. The
interpolant should be able to predict well local trends, therefore, the spline interpolants have
been considered. Differently from the study by Ballestrin [68], where an aiming strategy on 25
heliostats was set up to obtain a uniform flux distribution on the central receiver, in the present
parabolic trough concentrator, a strongly non-uniform flux distribution is expected.
Consequently, the spatial resolution to interpolate should be quite high to get a more accurate
estimation of the incident power gi»c on an area of interest included in the focal region. In fact,
the incident power is calculated by a numerical integration of the solar flux distribution,
dividing the area of interest into n equal rectangular elements and using the tiled method,

according to Eq. 2.14:

n A n
J— n —_ r n
Qinc = qri Ar,i - _Z q ri Eq. 2.14
i=1 n i=1

l

where n is the number of data in the surface of interest, 4, is the total area of the surface of
interest, g ”',,; 1s the i-th value of solar heat flux associated with the portion of the area of interest
Ari. Unfortunately, the spline interpolants do not allow the estimation of the uncertainty on
predicted concentrated solar flux values. Therefore, in order to assess if the number of collected
data is sufficient for a good definition of the solar flux map, different interpolants (linear,
nearest-neighbour, cubic-spline and biharmonic) implemented in Matlab® have been
considered and the results of the numerical integration have been compared. If the obtained
value of the power incident on an area of the concentration region does not change significantly
when varying the interpolant, the accuracy in the solar flux map definition can be considered
satisfactory. Once the incident power onto an area of interest has been calculated, the associated
optical efficiency and intercept factor y- can be determined according to Eq. 2.12 and to Eq.
2.13 for the average value of the direct normal irradiance during the considered test run, the
part of the concentrator aperture area considered during tests and the nominal reflectance of

the mirrors.
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The experimental uncertainty of the calculated radiative heat flow rate ginc is derived from the
combination of the integration uncertainty, the interpolation uncertainty and the uncertainties
related to the handling system positioning and movement. The interpolation uncertainty can be
neglected because the chosen interpolant shall not affect the results as reported in the work by
Ballestrin [68]. Furthermore, the geometry of the present asymmetrical parabolic trough
concentrator allows checking accurately that the measuring plane matches the optimal
concentration plane. Finally, the uncertainty of the intercept factor y- has been calculated
applying the law of propagation of uncertainty for uncorrelated inputs [37] and neglecting the

uncertainty of the nominal reflectance of the parabolic mirrors.
2.4.1 Experimental results

Experimental measurements of the solar flux distribution on the concentration region of the
asymmetrical parabolic trough concentrator have been performed in two clear-sky non-
consecutive days in Padova. Several tests have been conducted consecutively under very
similar test conditions, to assess the proposed measuring technique. The measurements were
performed for the first time the 28" September 2015 and they were repeated the 1°t July 2016.
In the first measurement day (28™ Sept. 2015), 10 blocking elements have been arranged along
the investigated trough length, at a distance of 120 mm, hence 10 measuring stations along x-
axis are distinguished. In this day, the measurements were repeated for six times from 13:58 to
14:43. The average measured DNI was around 900 £40 W m™ and the ambient air temperature
was around 23°C. In the second measurement day (1% July 2016), the measurements have been
taken at 13:43 and repeated at 14:47. During these runs, the number of blocking elements has
been augmented to 22, at an average distance of 55 mm. The average value of the DNI was

around 750 34 W m™ and the ambient air temperature was around 25°C.

The dimensions of the measuring area, which is the area scanned by the heat flux microsensor,
are given by the actual stroke of the electrical linear actuator along the z-axis (130 mm) and by
the distance between the first and the last of the blocking elements along the x-axis, 1115 mm
and 1180 mm for the first and second measurement day, respectively. The speed of the electric
linear actuator was set equal to 0.005 m s™! in the rise phase and equal to 0.1 m s™! in the descent

phase. Data were collected with a sampling rate of 0.2 s. The resulting spatial resolution along
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the width of the concentration region is 1 mm. During the first day, 1300 concentrated solar
flux data were collected for each test, whereas during the second day the collected solar flux

values were 2860 for each test.

Two single test runs, 28" Sept. 2015 13:58 and 1° July 2016 13:43, have been chosen as
representative cases respectively for the first and the second day of measurement. In fact, the
concentrated flux distributions obtained from the six test runs in the first day of measurement
are all in the experimental uncertainty band. The same is true for the two set of data acquired
during the second day of measurement. Figure 28 reports the three-dimensional maps of the
dimensionless solar flux distribution obtained by interpolating the experimental data (dots)
collected in these single test runs (28" Sept. 2015 13:58 - Figure 28 — a; 1% July 2016 13:43-
Figure 28 — b). The dimensionless concentrated solar is defined as the ratio between the local
solar flux registered by the heat flux microsensor and the corresponding DNI value acquired
during the tests. The surface interpolation has been executed by means of the biharmonic spline
method implemented in Matlab® over a grid with a spatial resolution of 0.1 mm x 0.1 mm. For
the sake of clarity, the solar maps have been presented with a spatial resolution lower than that
adopted for the calculation of the radiative heat flow rate on an area of interest included in the
measuring area. Considering the first day of the experiment (28" Sept. 2015), which presents
the lowest number of acquired data, the variation of the radiative heat flow rate of the
concentred solar radiation is within +0.2% when different spline interpolants are employed.
That demonstrates that the number of experimental data collected during a single test run is
high enough to get an accurate definition of the concentrated solar flux distribution on the
measuring area. The origin of the z-axis corresponds to the ideal focal line, 65 mm over the
initial position of the encoder integrated into the electrical linear actuator. The origin of the x-
axis corresponds to the side rim of the investigated mirror row. As can be seen, the scanning
range of the linear actuator was differently centred during the two days of measurement. In the
first day, the HFM has been moved in the range z = -65 mm and z = 65 mm, while in the second
day of measurement the range was between -55 mm and -75 mm. This difference does not

affect the quality of the measurement.

As expected, the solar flux distribution is strongly non-uniform along the width of the

concentration region (z-axis). Nevertheless, there are significant variations of the solar flux
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even along the x-axis: the external rim of the investigated mirror row appears to be less efficient
in concentrating the solar beams and the dimensionless solar flux is below 90 for the first 300
mm of the trough length. This can be due to the fixing system of the parabolic mirrors, which
was manufactured expressly for lab tests only. In fact, the mechanical structure of the
concentrator considered in this work does not include parabolic-shaped metallic ribs to sustain
the mirrors arranged in a row. These elements may improve the optical performance of the

system and make concentrated flux more uniform along the trough length.

While the plot in Figure 28 — a presents a smoother surface, in the plot of Figure 28 — b the
peaks of the concentrated flux in the region around the ideal focal line can be detected more
clearly. In fact, due to the higher number of sampling stations along the length of the trough
(x-axis) the dataset of the second day can reproduce more in detail the local distribution of the
concentrated flux. Since the coordinates of the blocking elements along the x-axis are not the
same for the two days of measurements, the maximum peaks of the concentrated solar flux
may not be located at the same location. The maximum peak value of the measured
concentrated solar flux during the first day is 101217 £7300 W m™ (¢ ”/DNI = 110 +9) at x =
75615 mm, while for the second day of measurement, the maximum peak is located at x =
50545 mm (86194 £6216 W m2, ¢”/DNI = 115 +10). From the comparison of the local
distribution at similar positions, it results that the differences between the values of
dimensionless solar flux for the two datasets are lower than the resulting experimental
uncertainty. The minimum peak values have been detected at the very beginning of the trough
length. For the first day, the minimum peak is 68710 4955 W m (¢ /DNI = 76 +6) (x = 3345
mm), while for the second day it results equal to 54621 3939 W m™ (¢ /DNI = 76 %6) (x =
3045 mm). Despite the difference sampling resolution along the x-axis between the first and
second day of measurement, three zones where the concentrated solar flux results more intense
can be clearly distinguished, centred at 500 mm, 750 mm and 1000 mm from the beginning of

the trough, respectively.
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Figure 28 — Three-dimensional solar maps on the scanned area measured during the first (a) and second (b)
day of the experimental investigation. The three-dimensional maps are obtained by interpolating the

experimental data (dots) by means of the biharmonic method implemented in Matlab®.
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Figure 29 — Dimensionless concentrated isoflux contour plots on the scanned area measured during the first

(a) and second (b) day of the experimental investigation.

From the isoflux contour plots of the dimensionless concentrated flux depicted in Figure 29, it

can be noticed that the width of the concentration region with a dimensionless concentrated
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flux above 10 is between 80 mm and 50 mm and it is centred on the focal line. On the central
part of the mirrors composing the investigated row, the concentration of the solar beams is
performed on the tighter width. The plots in Figure 29 refer to the same single test runs during
the first (28" Sept 2015, 13:58 - Figure 29 — a) and second (1 Jul 2016, 13:43 - Figure 29 — b)

day considered in Figure 28.

Figure 30 reports the resulting average distributions of the dimensionless concentrated solar
flux for the two test runs for a receiving length of 1000 mm (Figure 30 — a) and 500 mm (Figure
30 — D). In this Figure, the distributions were limited to a width of 100 mm and the peak of the
distributions were centred on the ideal position of the focal line (z = 0 mm) to better observe
the asymmetry of the concentrated solar flux profile and to facilitate the comparison of the two

sets of data.
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Figure 30 — Average distributions of the dimensionless concentrated solar flux for the 28" Sept 2015 - 13:58
(green square) and the 1*' Jul 2016 - 13:43 (red triangle). The distributions refer to a scanned area width of
100 mm and a length between 30 and 1000 mm (a) and 500 between and 1000 mm (b)

As can be seen in Figure 30 — a, the average distributions of the dimensionless concentrated

solar flux for a length of around 1000 mm are very similar; the distribution of the 28™ Sept.
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2015, 13:58 (green square) is slightly shifted to the lower part of the receiving area (negative
value of the coordinate z) and present a higher peak compared to the distribution of the 1% July
2016, 13:43 (red triangle). Considering only the concentrated flux distribution on the central
part of the mirrors composing the investigated row between 500 and 1000 mm (Figure 30 —b),
the difference in the peak between the two distributions is negligible but the slight shift of the
28™ Sept. 2015, 13:58 distribution (green square) can still be observed. It must be mentioned
that the differences in the average distributions of the dimensionless concentrated solar flux

depicted in Figure 30 are all lower than the uncertainty band.

According to the previous considerations, the calculation of the concentrated heat flow rate gine
and the determination of optical efficiency 7y and the intercept factor y, has been performed by
numerically integrating the distribution surfaces obtained from the interpolation of the different
data sets for a trough length equal to 1000 mm (from 50 mm to 1050 mm) and different
receiving widths from 100 mm to 0 mm. Considering the solar flux map on the measuring area
of Figure 28 — a (28" Sept. 2015, 13:58), which has been obtained under an average direct
normal irradiance of 915 £40 W m™, equivalent to a radiative heat flow rate on the aperture
area (1 m x 2.9 m) of 2653 £120 W, the heat flow rate of the concentrated radiation incident
ginc ON a receiving area having a width of 100 mm is around 2613 +188 W, while it results
equal to 2538 +183 W for a 75 mm width, to 2359 £170 W for a 50 mm width and to 1717
+124 W when the width is 25 mm. When considering the solar flux map of the test run
performed the 1% July 2016 13:43 (DNILy = 740 £33 W m™ and 2147+ 97 W on the aperture
area), the heat flow rate of the concentrated radiation incident g;»c on an area of interest having
a width of 100 mm is around 2147 +£155 W, while it results equal to 2088 +151 W for a 75 mm
width, 1959 £141 W for a 75 mm width and to 1410 £102 W when the width is 25 mm.

Table 3 includes the incident heat flow rate calculated from the data collected in six consecutive
test runs during the first day of measurement, the related focal region widths and the relevant
optical efficiency 7 calculated according to the relationship reported in Eq. 2.12. All the data
have been reported with their uncertainties values. The average experimental uncertainty on
the concentrated power is =7.5%, while that on the intercept factor y, is £8.5% of the measured

value.
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Table 3 — Test results of the experimental measurement of the concentrated solar flux for four widths of the

scanned area (100, 75, 50, 25). The length of the area is equal to 1000 mm (50 — 1050 mm) for all the test runs.

Width of the Starting time of Average DNI Incident heat

Optical efficiency
receiving area the test run during the test flow rate
mm (year) hh:mm W m? w %
(2015) 13:58 915 +40 2613 + 188 98.5+8.4
(2015) 14:04 913 +40 2590 + 186 97.6 8.3
(2015) 14:11 912 +40 2608 + 188 98.7+8.4
(2015) 14:31 890 +39 2523 +£ 182 97.7+8.4
100 (2015) 14:37 887 +£39 2521 +182 98.8+8.3
(2015) 14:43 887 +£39 2510+ 181 97.6 +8.3
(2016) 13:58 740 £33 2147 £ 155 100.0 £ 8.5
(2016) 14:47 770 £34 2231+ 161 99.9+ 8.5
(2015) 13:58 915 +40 2538 + 183 95.7+8.1
(2015) 14:04 913 +40 2511 =181 948 £8.1
(2015) 14:11 912 +40 2532+ 183 95.8+8.2
(2015) 14:31 890 +39 2455+ 177 95.1+8.1
7 (2015) 14:37 887 +39 2447 £ 176 95.1+8.1
(2015) 14:43 887 +£39 2441 + 177 949 +8.1
(2016) 13:58 740 £33 2088+ 151 97.9+8.3
(2016) 14:47 770 +£34 2171+ 157 97.2£8.2
(2015) 13:58 915 +40 2359+ 170 88.9+7.6
(2015) 14:04 913 +40 2352+ 170 88.8+7.6
(2015) 14:11 912 +40 2371 +£ 171 89.7+£7.6
(2015) 14:31 890 +39 2309 + 167 89.5+7.6
% (2015) 14:37 887 £39 2301 £ 166 89.4+7.6
(2015) 14:43 887 £39 2298 + 166 89.3+7.6
(2016) 13:58 740 £33 1959+ 141 91.3+7.8
(2016) 14:47 770 +£34 2041+ 147 91.4+7.8
(2015) 13:58 915 +40 1717 £ 124 64.7+£5.5
(2015) 14:04 913 +40 1739 + 125 65.7+5.6
(2015) 14:11 912 +40 1730 £ 125 65.5£5.6
2 (2015) 14:31 890 +39 1712 £ 123 66.3£5.6
(2015) 14:37 887 £39 1677 £ 121 652+5.5
(2015) 14:43 887 +£39 1700 + 123 66.1 +£5.6
(2016) 13:58 770 +£34 1410+ 151 65.7+5.6

(2016) 14:47 770 £34 1466+ 151 65.6+£5.6
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The power and the optical efficiency on an area of interest do not vary significantly during the
different test runs on performed on the first day of measurement. This proves the repeatability
and the reliability of the proposed experimental technique. As a further proof of the
repeatability of the adopted measurement technique, it can be observed that the values of the
optical efficiency of the second day of measurements are in agreement with those of the first
day. It has to be mentioned, that, since the nominal reflectance of the mirror is equal to 96%, it
is physically impossible to reach optical efficiencies over this value, even at the maximum of
the width of the receiving area. However, the calculated optical efficiency reported in Table 3

are considered plausible when the experimental uncertainty is taken into account.

The plot of Figure 31 includes the intercept factors obtained from the six consecutive test runs
performed the first day and the two test runs of the second day of measurement. The scanned
areas considered for this plot is given by the length of the single row of mirrors multiplied by

the range of focal region widths from 0 mm to 100 mm.
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Figure 31 — Experimental values of the intercept factor vy, obtained from the test runs performed during the

28" Sept 2015 (green square) and the 1° Jul 2016 (red triangle). The distributions refer to a scanned area
with a length between 30 mm and 1000 mm.



Concentrated solar flux in an asymmetrical parabolic trough concentrator 77

The intercept factor y, obtained from the test runs performed during the 28th Sept 2015 (green
square) and 1st Jul 2016 (red triangle) are in good agreement. Only for widths of the scanned
area from 40 mm to 80 mm, the difference between the sets of data taken during the first day
and the second day can be observed. These differences can be due to the asymmetry of the
distribution of the concentrated solar flux with respect to the focal line (Figure 30) and the fact
that the scanning range of the linear actuator was differently centred during the two days.
However, the differences in the calculated values of the intercept factor are far below the
experimental uncertainty. With reference to its average curve (dashed line in Figure 31), the
intercept factor results 100% for a width of 75 mm, which means that flat receivers with a
width higher than this value can collect all the solar radiation concentrated by the asymmetrical
parabolic trough. The intercept factor decreases to 98% for a 65 mm width and to around 95%
for a 55 mm. When considering a width lower than 45 mm, the intercept factor is less than 90%
hence, it is recommended to include a secondary optics in the design of the receiver including

the flat absorber with this width.
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2.5 Ray-tracing modelling of the concentrated solar flux of an

asymmetrical parabolic trough concentrator

In this investigation, the optical performance of the small prototype of asymmetrical parabolic
trough considered in this thesis has been simulated and computed by Monte Carlo Ray-Tracing
(MCRT) method. In order to generate a flux density distribution, numerical ray-tracing
methods are combined with a convolution of the Sunshape with the shape of the ray-traced
mirrors, which form the optical model of the concentrating system. Such methods allow the
determination of the peak flux of the concentrated solar radiation as well as its spatial
distribution. The experimental data obtained from the measurement of the concentrated solar
flux have been used to validate the optical model of the concentrator adopted in the simulations
and to identify the proper value of the total optical error ¢ to use in the simulations. Once
validated, this model allows simulating the performance of the asymmetric parabolic trough
under operating conditions different from the test conditions. Thus, it will be very useful for

the optimized design of new flat absorber to be embedded into optimized receivers.

To develop an optical model of the present parabolic trough solar concentrator for performance
analysis, the software SolTrace [87] has been used as MCRT tool. SolTrace is a software tool
developed at the National Renewable Energy Laboratory (NREL) to model concentrating solar
power (CSP) systems and analyse their optical performance. In the optical model developed in
this work, all the factors influencing the solar flux distribution on the optimal concentration
plane have been accounted for: the Sunshape, the geometry of the concentrator, the nominal
reflectance of the mirrors and the total optical error ¢. The rays coming from the Sun are
considered to be normal to the aperture area, as ensured by the two-axes tracking system. The
Sunshapes implemented in SolTrace refer to the work by Neumann et al. [88]. The circumsolar
ratio (CSR) quantifies the average solar brightness profile and compares the energy contained
in the solar aureole with the total energy. The CSR, which expression is reported in Eq. 2.15,
is given by taking the integrated brightness or intensity over the solar disc /s and the integrated

intensity of the aureole around the solar disc /.- (the circumsolar region):
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I aur

CSR = ——— Eq. 2.15
IS + Iaur

When CSR increases, the relative flux density of the Sun decreases, and vice versa. In addition
to the derived characteristic Sunshapes, Neumann et al. [88]. developed frequency distributions
of those Sunshapes for different levels of solar radiation explaining the conjunction between
CSR and the energy density of the Sunshape ratio. From their statistical analysis, the Sunshape
dubbed CSRO resulted to be the most probable terrestrial Sun brightness profile on a clear-sky,
therefore it has been considered appropriate to be implemented in the present investigation.
According to the CSRO profile, the circumsolar radiation represents up to 4% of the total energy
contained in the solar disk plus aureole. The reflective surface considered in the simulation is
half of a parabola that extends from the lower mirror rim, which is located on the parabolic
profile at 35 mm from the vertex line, to upper the mirror rim. The defined parabola has a rim
angle is of 78.7° and a focal length of 1.8. The length of the trough is of 2.4 m, resulting in an
aperture area equal to 6.96 m2. The reflectance of the mirror has been assumed equal to 96%
as reported by the manufacturer [58]. The imperfections on tracking and mirrors shape and
non-ideal reflectance are included in the total optical error o which is the only parameter that
can be varied in the simulations. A Gaussian distribution has been used to model the total
optical error, thus it is expressed by its standard deviation expressed in milliradians: typical
values within 3 mrad and 5 mrad have been implemented in the simulations. In the analysis,

the total optical error is applied to the parabolic mirrors.

It has to be mentioned that the simplified model here proposed does not consider the effective
shape of the facets of the concentrator. Therefore, local imperfections in the concentrator, like
those observed close to the side edge of the parabolic mirrors, cannot be predicted.
Nevertheless, the results obtained from simulations show the dependency of the concentration
region width and of the intercept factor on the total optical error. In fact, MCRT tools can be
used to calculate the amount of power reaching each surface of a given system. Therefore,
some comparisons between experimental data and predictions have been done with the purpose
of identifying the most suitable value of the total optical error. First, a comparison has been
done between the experimental average profile of flux distribution along the width the

concentration region (z-axis) and the simulated average profiles at different total optical errors.
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Three sets of simulations have been performed in SolTrace considering a direct normal
irradiance of 915 W m2, 890 W m2 and 750 W m and by varying the value of the total optical
error ¢ between 3 and 5 mrad. Figure 32 reports the average distributions of the dimensionless
concentrated solar flux resulting from these simulations using 25 bins along the z-axis and 40
bins along the x-axis (solid lines) and the average distribution obtained from the experimental
data collected during the 28" Sept 2015 and the 1 Jul 2016 (dashed line). The use of a higher
number of bins for exporting the simulated data does not entail any change in the predicted

profiles.
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Figure 32 — Average distributions of the dimensionless concentrated solar flux. Solid lines represent the
distribution obtained from the MCRT simulations using SolTrace at different values of the total optical error
0. The dashed line represents the average distribution calculated from the experimental data collected during

the 28" Sept 2015 and the 1*' Jul 2016.

The experimental average profile of the dimensionless concentrated solar flux distribution
exhibits a peak value very close to z = 0 mm, which proves the accuracy of the positioning of

the solar mapping system. From the comparison between experimental results and simulated
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predictions, it can be observed that the central part of the experimental distribution profile, in
the range around z = -30 mm and z = 30 mm, lies between the profiles simulated with a total
optical error ¢ of 4 mrad and 5 mrad. The profile simulated with a total optical error ¢ of 4.5
mrad results to be in very good agreement. As the distance from the focal line increases, the
optical error o matching the experimental profile results higher than 4.5 mrad. Therefore, the
trend of the dimensionless concentrated solar flux along the width of the receiver z can be
mathematically expressed by the following expression (4.5 mrad):

n

q _(L)z
m(z) = 81.451 e~ \20.082 Eq. 2.16
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Figure 33 — Comparison between the experimental and predicted values of the intercept factor at different
widths of the scanned area. Solid lines represent the intercept factor values obtained from the MCRT
simulations using SolTrace at different values of the total optical error o. The dashed line represents the
experimental intercept factor obtained by averaging the experimental data collected during the 28" Sept

2015 and the 1I°' Jul 2016.
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Similar findings come out from Figure 33, where the intercept factors obtained from the
experimental data and from the numerical simulation are plotted as a function of the width of
the scanned area in the concentration region. The experimental values of the intercept factor
obtained by averaging the data collected during the 28" September 2015 and the 1t July 2016,
lie between the MCRT predictions of the optical model implemented in SolTrace with a total
optical error ¢ of 4.5 mrad and 5 mrad. Because of the model adopted for representing the total
optical error o, when increasing the width of the concentration region, the numerical predictions
of the intercept factor tend asymptotically to a value between 99% and 100%. Nevertheless,
this behaviour does not affect the present study. Considering the experimental uncertainty on
the intercept factor and the previous comparisons between experimental data and numerical
predictions, the values comprise between 4.5 mrad and 5 mrad are considered suitable for
modelling the total optical error using a Gaussian distribution in a statistical ray-tracing model

of the investigated concentrator.



Chapter 3 Planar surface receiver for single- and

two-phase heat transfer fluids

The present work investigates an innovative aluminium flat absorber for medium-temperature
linear concentrating solar collectors. After defining its optimal width through a Monte Carlo
ray-tracing analysis, this absorber has been manufactured with the bar-and-plate technology,
including an internal offset-strip turbulator. This technology is cost-effective and extremely
flexible, giving the possibility to easily adapt the geometry of the absorber to different
reflecting optics configurations. The combined use of a high thermal conductivity material and
a passive heat transfer enhancement technique in a flat absorber is a promising solution for

linear concentrating devices.

The present Chapter aims to present the results of the application of the proposed design for
flat receivers in single-phase heating and direct vaporization of fluids in a small linear solar
concentrator to form a solar collector with a concentration ratio of 42. After a brief introduction,
the experimental investigation on the direct generation of steam and the production of process
heat is presented. In particular, a new procedure proposed by Bortolato et al. [89] is applied
and validated to characterize the thermal performance of the collector during steam generation.
Afterwards, the new experimental procedure has been applied to determine the thermal
performance of the innovative receiver during the vaporization of a halogenated fluid with a
low Global Warming Potential (GWP), the R1233zd(E). This fluid can be a valid alternative
to R245fa in various applications, such as power generation from low-temperature sources in
ORC system and high-temperature heat pumps. A new numerical model to predict the thermal
performance of the receiver has been developed. This model has been validated against the
experimental data collected during single-phase heating and vaporization of the two fluids and

has been used to study possible optimized configurations of the receiver.
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3.1 Receivers in linear concentrating solar collectors

In linear concentrating solar collector, the receiver is the heart of the conversion system. The
main function of the receiver is to absorb the concentrated solar radiation and convert it with a
high efficiency to heat. In order to optimize the conversion process, the receiver must show

high absorption of solar radiation as well as low heat losses due to thermal emittance.

In parabolic trough collectors, the receiver is generally formed by an inner steel tube provided
with a selective coating on its external surface that acts as a surface absorber and an outer glass
cover. In order to achieve high conversion efficiencies, in addition to the selective coating,
vacuum is used between the inner absorber tube and the outer glass tube [48]. On the other
side, Linear Fresnel collectors admit many configurations of receivers [90,91] and the

following categories can be distinguished for a general classification:

e non-evacuated single tube and secondary optics,
e evacuated single tube and secondary optics,

e inverted trapezoidal cavity receiver [92,93]

In these collectors, the solar concentrated flux incident on the absorber element of the receiver
is a function of direct normal irradiance, geometrical concentration ratio, optical properties of
the materials and total optical errors of the system. In typical configurations, the distribution
of the concentrated solar flux on the surface of the absorber is strongly non-uniform [63,64].
This can lead to a temperature gradient along the cross-section of the absorber which is
associated with differential thermal expansions. The resulting thermal stresses may have
serious effects, especially in some particular working conditions. As reported by Wang et al.
[94], to allow a safe and reliable operation, the temperature difference on the cross-section of
the absorber should not be too high. Khanna and co-workers [61-63] derived explicit
expressions to calculate circumferential and axial distribution of the concentrated flux,
temperature distribution, radial, circumferential and axial distribution of normal stresses and
strains on the absorber of a parabolic trough receiver and the corresponding deflection in its
central axis. As highlighted in the previous Chapter, the expression for the real distribution of

the concentrated flux is achieved by implementing Gaussian Sun shape and optical errors in a
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Monte Carlo ray-tracing tool. The use of these tools is of great importance to obtain reliable
results when performing numerical investigations on the receiver of a concentrating collector.
The presented expressions can be used to find the appropriate dimensions of the parabolic
trough collector, design the support brackets, evaluate the appropriate gap between the glass
envelope and the absorber tube in a typical receiver and define the optimal mass flow rate. In
common practice, a high mass flow rate is pumped in order to achieve a turbulent flow
condition inside the absorber tube, but this may not always be the optimal strategy.
Circumferential and axial thermal gradients on the absorber tube included in a glass envelope
represent a major concern in liquid heating concentrating collectors working with low mass
flow rates. In fact, in these cases, due to the low heat transfer coefficients, a bending of the tube
can occur and the possible breakage of the glass envelope jeopardizes the thermal efficiency.
Furthermore, the deviation of the receiver from the focal line may also reduce the intercept
factor and consequently the optical efficiency. This situation is worse when low conductivity
thermal oil is used as heat transfer fluid: the peak temperature not only may damage the

selective coating but also may provoke a chemical degradation of the oil.

In the literature, many passive techniques have been proposed for receivers in parabolic trough
collectors to reduce circumferential temperature gradient, peak temperature, exergy losses,
enhance the internal heat transfer and increase the overall collector efficiency. Passive heat
transfer enhancement generally involves three mechanisms to promote the turbulence of the
flow: decreasing thermal layer, increasing the flow disturbance and increasing the velocity
gradient near solid walls. Most of the available works are numerical investigations comparing
conventional and enhanced receivers in parabolic troughs for CSP plants. Some numerical
works assuming a realistic non-uniform flux on the absorber tube, derived by a Monte Carlo
ray-tracing method, are reviewed below. In the work by Murioz and Abanades [95], the effect
on pressure drop, thermal losses, thermo-mechanical stress and thermal fatigue of a set of
internal helically-finned absorber tubes with a different number of fins and helix angles has
been analysed by computational fluid dynamics (CFD) tools. Cheng et al. [96] carried out a
numerical computation of several receivers with unilateral longitudinal vortex generators,
located on the side of the absorber tube where the solar irradiance is concentrated. As compared

to the smooth absorber, the different geometries of enhanced internal surfaces exhibit better
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heat transfer performance in a wide range of working conditions. Gadirijafarbeigloo et al. [97]
presented numerical simulations concerning the use of typically twisted tape inserts and
innovative perforated louvered twisted tape inserts inside the absorber tube and showed that
the latter allow higher thermal performance especially at low Reynolds numbers. Helical
screw-tape inserts in absorber tubes have been suggested by Song et al. [84] as an improvement
of commonly twisted tape inserts to level out the temperature distribution specifying that
experiments are required to verify their performance. Mwsigye et al. [98,99] numerically
optimized the geometry of perforated plate inserts centrally placed inside an absorber tube and
fixed to a connecting rod. The optimization of orientation, spacing and diameter of the plates
considers not only the heat transfer enhancement and the fluid friction but also the entropy

generation in a wide range of operating conditions.

Reddy et al. [100] presented one of the few experimental works conducted on thermal receivers
for heat transfer enhancement. They investigated the performance of six different receiver
configurations in a 3 m long parabolic trough collector with an aperture width of 2.5 m. The
external diameter of the absorbers was 60 mm. The investigated configurations included
conventional receivers with and without glass envelope and enhanced receivers with bottom
porous discs, U-shaped bottom porous discs, inclined bottom porous discs and alternative
porous discs. Results showed that the use of inserts leads to a lower thermal gradient between
the receiver wall surface and fluid and across the receiver cross-section. The best performance
has been achieved using alternative porous discs which provided a negligible increase in
pumping power. The authors proposed this solution both for solar power and process heat

applications.
3.1.1 Receivers for steam generation in linear concentrating collectors

When direct steam generation is performed, above all, the non-uniform distribution of the
concentrated flux on the absorber must be taken into account. In fact, the phase change
occurring in the heat transfer fluid can be associated with a large variation of the heat transfer
coefficient along the cross-section of the absorber with changing vapor quality when a stratified
flow regime is established. As a consequence, a significant angular thermal gradient can

appear. Nevertheless, in the medium-temperature range, solar direct steam generation is very
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attractive. In these applications, the working pressure is not very high and cost reduction of the
energy produced from the solar source and the increase in the efficiency of the system can be
achieved. In fact, as compared to the use of liquid water, the phase change reduces the mass
flow rate through the pumping system. Moreover, the heat exchanger between the solar
collectors and the thermal user may be removed. With respect to the use of the thermal oil,
direct steam generation allows to eliminate some auxiliary equipment and reduces the

environmental impact of the system.

There are essentially two strategies to attain a strong reduction of the thermal gradient during
direct steam generation [101]. The first one is setting a mass flow rate high enough to operate
under annular flow pattern and avoid stratified regime. It involves the calculation of a lower
limit of the mass flow rate that depends on the working conditions and the geometry of the
absorber. This strategy is usually employed in the rare CSP plants working with direct steam
generation. The second strategy concerns either the adoption of a high thermal conductivity
material in the manufacturing of the absorber tube or the integration of enhanced heat transfer
systems. This approach entails no lower limit of the operating mass flow rate and gives higher
flexibility to the plant. In fact, it can work even under lower solar radiation and for a higher
number of hours per day. This is of great interest especially in small linear concentrating
collectors for medium-temperature applications; nevertheless, most of the relevant works
available in the literature focus on big parabolic troughs for solar power. Almanza et al.
[102,103] investigated mild steel and copper absorbers behaviour under two-phase stratified
flow tests in a parabolic trough solar collector. When using the steel pipe, at around 160°C wall
temperature, a maximum deflection of 6.5 cm has been observed causing the breaking of the
glass envelope. In this case, the maximum circumferential temperature difference was around
60°C. Under the same test conditions, using a copper pipe, a bend of 2 mm has been observed
and a maximum temperature difference of 10°C has been measured. The authors highlighted
that thermal cycles at high temperature may cause copper annealing. On the basis of these
results, Flores and Almanza [104] compared the thermal behaviour of a bimetallic copper-steel
receiver for direct steam generation in parabolic trough solar collectors. Experiments have been
performed in transient conditions, simulating the presence of clouds. The results prove that the

high thermal conductivity of the internal copper layer contributes to uniform the wall
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temperature of the receiver while the external steel layer improves the mechanical resistance.
At a mass flow rate of 150 kg h! and a wall temperature around 200°C, the deformation was
70 mm in steel receiver and 18 mm in the bimetallic receiver. Moreover, the thermal behaviour
of the bimetallic receiver resulted to be only slightly affected by the variation of the incidence
angle of the solar beam irradiance. A numerical CFD simulation has been carried out by Aldali
et al. [105] to assess the use of three types of tubes with different internal helical fins and an
aluminium pipe without any fins as absorbers in a parabolic trough solar collector for direct
steam generation under realistic heat flux distribution. The results show that the presence of
fins improves the thermal distribution, but the smaller the pitch of the fins, the higher the
pressure drop. The aluminium pipe has proved to be the best solution in minimizing the thermal
stress. Thus, the thermal conductivity of the absorber tube may play a significant role in
reducing the circumferential temperature gradient. An alternative solution for direct steam
generation in parabolic trough solar concentrating collectors was presented by Rojas et al.
[101]. They proposed the applicability of porous coating and etched microgrooves as capillary

systems on the internal wall of the surface absorber tube.
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3.2 Bar-and-plate flat receiver for concentrated solar radiation

In the present work, the use an innovative aluminium flat receiver in an asymmetrical parabolic
trough collector for medium-temperature applications has been proposed under single- and
two-phase flow regimes. The particular geometry of the parabolic trough concentrator
considered in this study is suitable to be coupled with a receiver displaying a flat geometry
rather than a tubular receiver. Figure 34 reports the numerical results of the comparison
between a flat (Figure 34 — a) and a tubular geometry (Figure 34 — b) of the absorber collecting
the solar radiation concentrated by an asymmetrical parabolic trough. The simulations have
been performed with the MCRT software TracePro® [106]. From this Figure, it can be clearly
seen that, while both flat and tubular absorbers are capable of receiving the totality of the

concentrated solar rays, the latter geometry offers a much higher surface which is not used to

collect the concentrated solar radiation and increases the thermal losses.

—a- _b-

Figure 34 — MCRT simulations of the reception of the concentrated solar flux coming by an asymmetrical

parabolic trough on a flat (a) and a tubular (b) receivers.

To minimize the incidence angle of the concentrated beams on the flat receiver, without

complicating the construction of the concentrator, the optimal concentration plane of this
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system has been identified as the plane 45° tilted with respect to the plane containing the focal
line and the vertex line and the aperture plane. This solution derives from a compromise
between the needs to minimize the incidence angle of the concentrated beams and to simplify
the positioning of the receiver. The receiver has been manufactured with bar-and-plate
technology and provided with an internal turbulator. According to the cited studies in the
literature, the combined use of a high thermal conductivity material and of passive heat transfer
enhancement devices should make the direct vaporization of a fluid easier to control and less
critical. The dimensions of the absorber front surface have been defined by adopting the
developed optical model of the present asymmetrical concentrator using SolTrace [107] as
Monte Carlo ray-tracing tool (see Chapter 2). A range of absorber widths from 40 mm to 100
mm have been numerical investigated. A value for the total optical error of 5 mrad has been
prudently considered and the desired number of ray intersections has been set equal to 3 x 10°.
The use of more ray intersections has a negligible effect on the estimation of the optical
performance parameters while implies a much higher computational effort. Because of the
model adopted to represent the total optical error, when the width of the absorber increases, the
numerical predictions of the intercept factor y, tend asymptotically to a value between 99% and
100%. This has a minor effect on the design of the receiver. The results of the simulations show
that the intercept factor does not increase significantly for width higher than 70 mm.
Furthermore, the bigger the absorber width, the higher the thermal losses towards the external
surroundings. As a consequence, a width of 70 mm has been adopted for the absorber, thus the

resulting geometrical concentration ratio Cy is equal to 42.

The optical model provides also the solar flux map on the front surface of the absorber.
Considering this highly non-uniform heat flux profile, the use of a heat spreader is
recommended to reduce the thermal load on the central line of the absorber and to use more
effectively the heat transfer area on the working fluid side. It can consist of a front plate with a
thickness of 5 — 10 mm made of a high thermal conductivity material. The bar-and-plate
technology is suitable to manufacture an absorber with the features derived from the MCRT
analysis. In fact, it allows creating a rectangular channel made of aluminium with high
mechanical stiffness, including a heat spreader on the front surface reached by the non-uniform

concentrated solar flux. Here, the heat spreader is made of a thick aluminium plate on the front
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face. Furthermore, a turbulator is included inside the channel to enhance the heat transfer
playing a pivotal role during direct steam generation. The internal structure of the bar-and-plate

flat receiver is shown in Figure 35.

» Frontplate —_

~< Offset-strip
~ turbolator

e ——

N Back plate —

Figure 35 —Compact and exploited views of the bar-and-plate flat receiver internal structure.

The presence of the turbulator entails a uniform distribution of the mass flow rate on the
absorber cross-section, hence stagnation points leading to hot spots can be avoided.
Furthermore, the hydraulic diameter is reduced so that the occurrence of a stratified flow
regime is limited. Finally, the turbulator helps to increase the nucleation sites and prompts the
vaporization of the fluid. Given the above, throughout the length of the present absorber, there
is an offset-strip turbulator, whose geometry is depicted in Figure 36. The height of the
turbulator is of 3.3 mm and the resulting hydraulic diameter is equal to 2.5 mm according to

the definition given by Manglik and Bergles [108].

The receiver has been thermally insulated on the back side by using a 20 mm layer of rockwool.
The front surface of the absorber is provided with a thickness insensitive - spectrally selective
black coating, that is characterized by a solar absorptance of around 90% and a thermal
emittance at 100 °C of around 45%. The inlet and outlet of the working fluid are located at the
ends of the absorber on the back face (Figure 37). According to some preliminary tests, the

maximum working pressure is 30 bar and the maximum working temperature is around 200°C.
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Figure 36 — Sketch of the offset-strip turbulator geometry inside the flat receiver.

—Front plate

—Back plate

Oulet

Figure 37 — Sketch of the bar-and-plate flat receiver including inlet and outlet fluid directions.

The length of the receiver is equal to 1.2 m, which corresponds to half of the total trough length.
The present receiver has been coupled with the asymmetrical parabolic trough concentrator as
shown in Figure 38 - a. The absorber has been arranged so that it receives the concentrated
solar flux from a single row of back-silvered glass facets (Figure 38 — b). Due to the two-axis
tracking system, the second mirror row does not influence the performance of the present
absorber, thus, the thermal efficiency is computed considering a trough length of 1.2 m. A
modular configuration can be considered for the system, which means that, in a real application,

more receivers can be installed in series or in parallel.
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Figure 38 — Bar-and-plate flat receiver arranged on the support bar of the collector (a) and receiver under

concentrated solar radiation during a test run (b).

It is worth to mention that the bar-and-plate manufacturing process is extremely flexible. Thus,
the dimensions of the absorber can be easily adapted in a cost-effective way to the primary
optics of any considered medium-temperature linear solar concentrating collector. As an
example, in a symmetrical parabolic trough, a V-shaped absorber consisting of two flat parts

could be easily realized.
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3.3 Experimental investigation of a bar-and-plate flat receiver

for liquid heating and vaporization of fluids

The present flat bar-and-plate receiver has been mounted on the asymmetrical parabolic trough
concentrator. An experimental test facility has been set up to evaluate the thermal performance
of the collector during single-phase heating and vaporization of water in the receiver. The same
test facility has been used to run tests with R1233zd(E). A sketch of the test rig is reported in
Figure 39. The test runs presented in this Chapter have been performed in the Solar Energy
Conversion Laboratory on the roof of the Department of Industrial Engineering at the

University of Padova (45.416°N, 11.883°E)

CONCENTRATED SOLAR FLUX
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Figure 39 — Experimental test rig for single-phase heating and direct vaporization of water in bar-and-plate

flat receiver under concentrated solar radiation.
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The test rig is designed to measure the thermal efficiency of the solar concentrating collector
during liquid heating but also when the heat transfer fluid (HTF) is directly vaporized inside
the receiver. In the latter case, the experimental investigation should validate a test method
compatible with the method available for liquid heating tests. Besides, possible instabilities
during two-phase flow conditions must be carefully checked. Since the presence of a turbulator
may penalize the hydraulic performance, accurate measurements of pressure drop have also
been carried out. The test rig includes a primary loop arranged on board the concentrating
collector and a secondary cooling loop. Both the loops are thermally insulated to limit heat

losses towards the surroundings.

In the primary loop (Figure 39), after exiting the receiver, the HTF (distilled water or
R1233zd(E)) enters a tube-in-tube heat exchanger that acts as a heat sink: the heat transfer rate
provided by the concentrated solar irradiance is taken away by a secondary water flow. In the
heat sink, the HTF flows inside the inner tube, while the coolant flows in the annulus.
Afterwards, the HTF is sent to an independently controlled gear pump magnetically coupled to
a variable speed electric motor. This pump is used to set the mass flow rate, which is measured
by a Coriolis effect mass flow meter. The pressure of the primary loop is regulated by a
hydropneumatics accumulator with a fluoroelastomer diaphragm: this device plays a key role
in direct steam generation test runs as the working pressure determines the temperature of the
generated steam. Before entering the receiver, the fluid passes through a preheating section
which consists of a heating wire wrapped around a stainless steel tube. The electrical heater is
connected to a solid-state relay which is governed by a PID temperature controller. The PID
controller uses a T-type thermocouple as a probe to monitor the trend of the external wall
temperature of the stainless steel pipe downstream of the preheating section. Three high
precision absolute pressure sensors have been connected to the primary loop pressure taps to
gauge the pressure at the inlet and at the outlet of the receiver and at the outlet of the tube-in-
tube heat exchanger. The temperatures of the HTF downstream of the preheating section, at the
inlet and at the outlet of the receiver and downstream of the heat exchanger are measured by
Pt100 resistance temperature detectors (RTDs). In the two-phase tests for direct steam
generation, with outlet vapor quality lower than 1, the presence of both the pressure transmitter

and the RTD allows to check the agreement of temperature and pressure at the outlet of the
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receiver under saturated conditions. During the test runs with water, two flat RTDs have been
attached to the aluminium wall on the back of the receiver, under the thermal insulation layer.
These temperature sensors were located respectively at 300 mm from the inlet and the outlet to
measure the rear surface temperature of the bar-and-plate receiver. These measurements are
used to check if the wall temperature exhibits marked peaks, which may be due to the onset of
thermal dry out inside the receiver. During the test runs with R1233zd(E), the two flat RTDs
have been substituted by five copper-constantan thermocouples attached 20 mm, 50 mm, 90
mm, 140 mm and 200 mm from the outlet of the receiver. In the secondary cooling loop (Figure
39), the water coming from the tube-in-tube heat exchanger enters a first storage and passes
through a plate heat exchanger, where the heat gained from the primary loop is wasted to the
groundwater of the building central plant. Afterwards, the cooling water enters a second storage
which is provided with four electrical heaters. Given the cooling mass flow rate, it is possible
to set the electrical power in order to control the coolant temperature at the inlet of the tube-in-
tube heat exchanger. A pump is used to circulate the coolant, whose mass flow rate is set by a
control valve and is measured by a Coriolis effect mass flow meter. The controls on secondary
mass flow rate and inlet temperature are used to achieve constant conditions of the primary
working fluid at the inlet of the receiver. The temperatures of the water at the inlet and at the
outlet of the tube-in-tube heat exchanger are measured by Pt100 RTDs. The laboratory is
equipped with a measuring system of the solar irradiance including a first class pyrheliometer
mounted on a high precision solar tracker that is used to measure the DNI. Finally, an
anemometer measures the wind speed on the horizontal plane and the ambient air temperature
is gauged by a Pt100 RTD. All the measured quantities are recorded by a data logger with a
sampling rate of 3 s and the collected data are reduced in a Matlab® environment by calculating

the fluid properties with NIST Refprop Version 9.0 [109].
3.3.1 Experimental technique for single-phase test runs

The thermal performance of the linear solar concentrating collector working as a liquid heating
device has been evaluated according to the quasi-dynamic test method described in the

European Standard EN ISO 9806:2013 [110].
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This method was originally conceived for non-concentrating solar collectors and for its relevant
working temperature range and it was then extended to the concentrating technologies. As a
consequence, when testing concentrating collectors, some procedures are hardly applicable and

some rules are unclear [111], especially for prototype testing.

According to this procedure, the specific mass flow rate is set equal to 0.02 kg s™! per square
meter of the aperture area, computed considering the actual length of the receiver (1.2 m) and
the projected height of the mirrors. Measurements are repeated at different values of the inlet
HTF temperature, in order to produce a set of data points for the thermal efficiency of the
collector 7.1, defined according to Eq. 3.1

den my Cp1 (Tout r1— Tin r,I)
DNI A, DNI A,

Neot = Eq. 3.1

where ¢, is the isobaric specific heat capacity of the HTF at the mean temperature between

inlet and outlet of the receiver.

The experimental results are presented in a diagram plotting the experimental thermal
efficiency as a function of the reduced temperature difference 7, (Eq. 3.2), along with the

obtained efficiency curve of the collector.

(Tout 1 + Tin r,I) T
% 2 — ‘amb Tm RI — Tamb Eq. 3.2
Tm = =

DNI DNI

The mathematical expression of the efficiency curve of the parabolic trough collector in quasi-
dynamic conditions is defined in the standard [110]. Its general equation is an energy balance
including the dependence on direct and diffuse solar irradiance, wind speed, sky temperature,

incidence angle effects and effective thermal capacity (Eq. 3.3)

tn
A_ = no,beGb + no,bKde - CGUG -0 (Tm - Tamb) — G (Tm - Tamb)2 +
ap
drT,
_C3u(Tm - Tamb) + C4(EL - USBTamb4) —Cs d_,:_n Eq. 3.3

In the present experimental study, concerning a concentrating system with two-axes Sun-
tracker, the incidence angle modifier for direct radiation K is set equal to 1, the direct normal

irradiance DNI is used instead of the direct solar irradiance G, and the incidence angle for
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diffuse radiation is equal to zero. In fact, the effective incident irradiance on the aperture area
includes only the direct normal irradiance for all the concentrating collectors displaying a
geometrical concentration ratio above 10 [9]. In the present work, the coefficients c3, ¢4 and cs
are neglected right from the beginning, as it is recommended in the standard for concentrating
collectors. According to the standard, it is not clear how the present concentrating collector
prototype should be treated with respect to the effects of wind and long-waves thermal
irradiance. In fact, the case of a unglazed receiver installed in a device with a high concentration
ratio is not contemplated. It is worth to mention that the test runs presented in this work have
been performed in Padova (45.416 °N, 11.883 °E) where the wind speed in clear-sky days is

rarely higher than 1 m s™'. Thus, the assumption of a negligible effect of wind is acceptable.

The experimental test rig does not include any storage and the working fluid and the HTF
temperature at the inlet of the receiver can be maintained within the limits imposed by the
standard only by a PID controlled electrical heaters and by varying the inlet temperature and
the mass flow rate of the secondary fluid. As a consequence, the experimental tests have been
conducted during clear-sky days, when the variation of the direct normal irradiance is quite
small. Thus, the effect of the thermal capacity is not significant and is not included in the model

(c5 = 0). The final expression of the overall thermal efficiency is then:

qtn

m = 1o — 1Ty — ¢2(T;y)? DNI Eq. 3.4

Neot =

Eq. 3.4 can be further simplified when the coefficient ¢ is negative or has no statistical
significance because of the T-ratio, that is the ratio of the parameter value divided by its
standard deviation, is lower than 3. As suggested by the standard EN ISO 9806:2013, the
weighted least square method has been adopted to calculate the model parameters, starting from

the measured quantities and their experimental uncertainties.
3.3.2 Experimental technique for two-phase test runs

The standard test methods to determine the thermal performance of solar concentrating
collectors, namely the steady state method in the ASHRAE 93:2010 standard [112] and the
quasi-dynamic method in EN ISO 8609:2013 standard [110], refer to liquid or air heating

devices. This means that the useful heat gained by the working fluid can be calculated
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considering its temperature increase inside the solar collector. There are no standard procedures
to experimentally define the thermal efficiency of a solar concentrating collector performing

direct steam generation when a latent heat transfer is involved.

Few authors in the scientific literature [113,114] proposed different procedures for thermal
performance evaluation of steam generating concentrating collectors. Bouvier et al. pointed out
that a proper definition of the reduced temperature difference should be introduced for two-
phase systems. In the work of Bortolato et al. [89], a new test procedure has been outlined to
characterize the thermal performance of a solar collector in a direct steam generation. The
experimental procedure includes an expression for the reduced temperature difference in two-
phase flow conditions that make the data collected in direct vaporization consistent with those
collected in liquid heating mode under standardized conditions. This procedure has been
adopted in the present study to evaluate the thermal performance of the concentrating solar

collector during the vaporization of water and the halogenated fluid R1233zd(E).

During the test runs, the HTF enters the test section as subcooled liquid and its thermodynamic
condition is completely determined by the temperature and pressure measurements at the inlet
of the receiver. The working fluid exits the receiver as saturated vapor and then it is condensed
and subcooled in the tube-in-tube heat exchanger. The thermodynamic state at the outlet of the
heat sink is once again derived from pressure and temperature measurements. The tube-in-tube
heat exchanger is installed very close to the outlet of the receiver, shielded from the
concentrated solar beam and thermally insulated. The thermal balance in the tube-in-tube heat
exchanger has been checked from the experimental points collected for water in single-phase

test runs and it results to be within £3%.

Given the above, the thermodynamic state of the working fluid at the outlet of the receiver
under saturated conditions can be experimentally defined by applying the energy balance to the
heat exchanger, under the reasonable hypothesis of negligible heat losses towards the
surroundings. The specific enthalpy of the saturated vapor at the outlet of the receiver can be
expressed as reported in Eq. 3.5

my; Cp,11 (Tout,he,ll - Tin,he,ll)
m;

Eq. 3.5

lout,r,l = lout,he,l (Tout,he,b pout,he,l) +
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where ¢, 17 1s the isobaric specific heat capacity of the water flowing in the secondary loop at

the mean temperature between the inlet and outlet of the tube-in-tube heat exchanger.

The thermodynamic vapor quality of the vapor exiting the receiver can be obtained from Eq.
3.6, after calculating the saturated liquid specific enthalpy i, and the heat of vaporization iry

corresponding to the saturation temperature gauged at the outlet of the receiver:

. loutr,g — L (TOUET'I)

N -
out,r,1 i (Toutr,r)

Eq. 3.6

The saturation temperature is assumed equal to the temperature measured at the outlet of the
receiver because, during two-phase test runs, the measured pressure drop across the receiver
was very small: for instance, during the vaporization of water at 2 bar, the pressure drop entails
a saturation temperature drop of 0.3 °C. The vaporization has been performed at different
pressures of the HTF inside the receiver and thus at different saturation temperatures in order
to obtain a set of overall thermal efficiency data under two-phase flow conditions, according
to Eq. 3.7:

dtn _ my (iout r1 — Lin r,I)
DNI A4, DNI A4,

Neol = Eq.3.7

The thermal efficiency of the receiver is calculated as the ratio between the heat gained by the
fluid flowing in the receiver and the incident radiant power on the absorbing surface of the
receiver. The latter, in the case of reflecting solar concentrators, can be estimated by
considering the incident solar power on the aperture area of the collector A, and the product of
the intercept factor y. and the reflectance of the mirrors p.. Hence the thermal efficiency of

receiver in the present concentrator is given by

dth _ ml (iout rl iin r,I) — Ncol
Ginc DNI Aa yr pc yr pc

nr = Eq. 3.8
According to the measurement of the concentrated solar flux conducted few days before the

present test runs, the intercept factor y,- of the present concentrating collector on a width of 70

mm resulted equal to 98.5%.
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Considering Eq. 3.2, the definition of the reduced temperature difference under two-phase flow
requires the introduction of the equivalent mean temperature of the fluid during direct
vaporization of the HTF. Since the working fluid enters as a subcooled liquid, both sensible
and latent heat transfers occur inside the receiver of the solar concentrating collector. Hence,
the equivalent mean temperature of the vaporizing HTF shall be assumed as a weighted average
temperature based on the enthalpy changes associated with the sensible and latent heat transfers

(Eq. 3.9).

T +T; . . .
(W) (lL (Tout,r,l) - hin,r,l) + Tout,r,l (lout,r,l -1 (Tout,r,l))

lout,rl — linrl

Eq. 3.9

Ty eql =

3.3.3 Experimental procedure and uncertainty analysis

Before the test campaign, the primary loop is evacuated and then filled with the HTF. The
residual air content is removed by circulating the HTF at high mass flow rate while keeping
the vent valve open. The vent valve is located near the receiver, on the highest part of the
primary test loop (Figure 39). Prior to each test sequence, the mirrors and the Sun sensor of the

parabolic trough solar collector as well as the pyrheliometer have been cleaned.

When performing liquid heating tests, a preconditioning period of 20 min has been observed.
During each test sequence, that has a minimum duration of 3 h, the experimental data are
averaged every 10 min and the maximum permitted deviations of the main operating
parameters are in agreement with the specifications included in the standard EN ISO 9806:2013
[110]. This means that each experimental point presented in this work is the average of 200

recordings while the collector is working under stable conditions.

During tests under two-phase flow regime, the new experimental procedure illustrated here
below has been adopted. After a preconditioning period of 20 min, during each test sequence,
that lasts for 3 h minimum, the collected data are averaged every 10 min and the following

criteria have been satisfied during tests:

o the inlet temperature of the subcooled liquid is kept stable within =1 °C as compared

to its mean value;



Planar surface receiver for single- and two-phase heat transfer fluid 102

o the HTF mass flow rate is kept stable within £2% as compared to the mean value;

o the thermodynamic vapor quality at the outlet of the receiver must be higher than 0.1.

In order to validate this procedure, vaporization tests have been performed so that most of the
useful heat (at least 90%) is transferred to the fluid flowing inside the receiver as latent heat.
This entails that the maximum admitted subcooling degree for the data collected under two-
phase flow regime with water is lower than 9 °C. During the test performed with R1233zd(E),

the inlet subcooling ranges between 11°C and 24°C.

The uncertainty analysis has been performed in agreement with the guidelines provided by the
“Guide to the Expression of Uncertainty in Measurement” [37] and briefly recalled here below.
The experimental standard uncertainty of a measured parameter is made up of two terms: the
type A uncertainty that arises from the statistical analysis of repeated observations and the Type
B uncertainty that results from calibration of instruments, calibration certificates,
manufacturers' specifications and uncertainties assigned in reference handbooks. Type B
uncertainties of the measured parameters are reported in Table 4 with a level of confidence of

95%.

Table 4 — Type B uncertainty of measured parameters during single-phase heating and direct

vaporization of water in bar-and-plate flat receiver under concentrated solar radiation.

Ambient air temperature +0.07°C
Fluid temperature in primary and secondary loops +0.035°C
+ 0.3 kg h! for single-phase tests

Coriolis effect mass flow meters
+0.07 kg h! for two-phase tests

Pressure of the fluid in the primary loop +0.023 bar
Direct normal irradiance + 3% of measured value
Wind speed + (0.1 m/s + 1% of measured value)

Usually RTDs manufacturers provide a Type B uncertainty that depends on the measured
temperature: for the present sensors it is £0.04 °C at 5 °C and £0.1 °C at 90 °C. In Table 4, the
type B uncertainty of the RTDs is reported as a constant value of £0.035 °C, which is valid
within the temperature test range from 20 °C to 150 °C. This value results from the calibration

procedure performed using a high precision four wire RTD, that is calibrated up to 150 °C. The
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reference RTD is connected to a Hart Scientific Super Thermometer II providing a measure
chain with a global accuracy within £0.01 °C. In order to calibrate the RTDs, a copper cylinder
with a diameter of 60 mm and a height of 150 mm is employed. Several 100 mm deep holes
have been manufactured on the top face of the cylinder to accommodate the temperature
sensors. During calibration, all the RTD sensors and the copper cylinder are arranged inside a
laboratory oven where the temperature set point can be varied (Figure 40). A correction
function for each RTD is defined by comparing the temperatures measured by each RTD

against the reference temperatures within the calibration range.

Figure 40 — Experimental apparatus for the calibration of the RTD sensors

With respect to the parameters which are not directly measured, their combined standard
uncertainty can be calculated by applying the law of error propagation. For a given parameter,
the expanded experimental uncertainty is obtained by multiplying the relevant standard
uncertainty by a coverage factor equal to 2, which corresponds to a level of confidence of 95%.
Finally, the uncertainties of the coefficients in the function of the efficiency curve result from
the use of the weighted least square method, which is described in detail in the standard EN
ISO 9806:2013. This method can be extended to the data collected during direct steam
generation, considering the relevant parameters defined in Paragraph 3.3.2. Type A uncertainty
is the standard deviation of the mean and, in the present tests, it comes out considering 200

readings collected over the averaging time period of 10 min.
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3.3.4 Results of the experimental investigation on a bar-and-plate receiver

for direct vaporization of water

The experimental campaign aimed to evaluate the performance of the concentrating solar
collector composed of the bar-and-plate flat receiver and the asymmetrical parabolic trough
concentrator in liquid heating and direct vaporization of water has been conducted from
October 2014 to June 2015. Six test sequences with the parabolic trough working as a water
heating solar collector have been carried out and 91 data points have been collected on clear-
sky days. The direct normal irradiance was between 500 W m™ and 860 W m™, the ambient air
temperature between 8 °C and 33 °C, the mass flow rate of the distilled water in the primary
loop was set equal to 0.02 kg s™! per square meter of the aperture area, which corresponds to a
total mass flow rate of 250 kg h!. The temperature of the water at the inlet of the receiver has
been set at 37 °C, 48 °C, 50 °C, 81 °C, 109 °C and 117 °C to obtain experimental data in the
reduced temperature difference range between 0.025 K m? W' and 0.140 K m? W,

The experimental investigation performing steam generation consists of four test sequences,
during which 26 experimental points have been collected at the saturation temperature of 120
°C, 123 °C, 131 °C and 138 °C. The maximum operating temperature of the working fluid
inside the primary loop during present tests never exceeds the 140°C. Considering the collected
data, averaged every 10 min, the deviation between the measured temperature and the
saturation temperature calculated from the pressure at the outlet of the receiver is within +0.05
°C, that is within the experimental uncertainty of the two employed instruments. During the
steam generation tests, the subcooling at the inlet of the receiver was between 6 °C and 9 °C
and the mass flow rate between 11 kg h™! and 12.5 kg h™! with a thermodynamic vapor quality
at the outlet of the receiver between 0.15 and 0.3. These values are due to the small length of
the tested receiver and to the minimum mass flow rate that can be pumped in the primary loop.
Higher vapor qualities can be achieved in a longer receiver. The direct normal irradiance was
between 650 W m2 and 860 W m2and the ambient air temperature between 15 °C and 23 °C.
In these two-phase tests, the range of the reduced temperature difference, calculated as reported

in section 3.2, varies from 0.130 K m2 W' t0 0.160 K m? W',
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All the collected experimental points are plotted with the corresponding error bands in Figure
41 along with two efficiency curves expressed in the mathematical form of Eq. 3.4. The
expanded experimental uncertainty on the thermal efficiency ranges between £1.9% and +3.1%
while the maximum expanded experimental uncertainty on the reduced temperature difference
is of £0.005 K m2 W-!. The green dotted line represents the efficiency curve defined using only
the experimental data collected in liquid heating mode, according to the guideline of the quasi-
dynamic test method. In the same Figure, the black dashed line is the efficiency curve obtained
considering all the data, i.e. the test runs both in liquid heating working mode and in direct

steam generation
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Figure 41 — Experimental thermal efficiency of the collector with a flat bar-and-plate receiver collected
during single- (green dots) and two-phase (orange diamonds) test runs with water. The efficiency curves refer

to the single-phase tests (green dotted line) and all tests (black dashed line).

From Figure 41, one can observe that there is a very good agreement between the two efficiency
curves and that the experimental data measured during liquid heating and during steam
generation overlap at reduced temperature differences between 0.130 K m? W' and 0.140 K
m™? W', This means that the present new procedure proposed for data reduction during two-
phase test runs gives results consistent with those derived from the standardized procedure.

Therefore, it can be adopted to characterize the thermal performance of a solar concentrating
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collector. In particular, controlling the inlet subcooling degree, one can reach an equivalent
mean temperature of the fluid inside the receiver as close as possible to the maximum operating

temperature for a given saturation pressure.

The coefficients of the collector efficiency curve calculated according to the weighted least
square method are reported in Table 2, with the relevant expanded standard uncertainties (level
of confidence 95%). From Table 2, it can be seen that both efficiency curves are straight lines:
in fact, from the data reduction, the T-ratio of the coefficient ¢ is always smaller than 3, so ¢
has no statistical significance. Hence, the parameter identification has been repeated without

¢z included in the model.

Table 5 — Parameters of the parabolic trough collector's efficiency curve calculated according to the guidelines

of the quasi-dynamic test method illustrated in the standard EN ISO 9806:2013 [110].

o . Complete database
Only liquid heating tests Lo . . .
(liquid heating + direct steam generation tests)

Parameter Value Expanded uncertainty Value Expanded uncertainty
o 0.8230 0.0055 0.8203 0.0051
C1 -1.1951 0.0649 -1.1455 0.0501

Since the efficiency curve derived from the whole database displays a lower uncertainty of the
collector thermal efficiency #col, the following discussion refers to that curve. The experimental
optical efficiency 7o comes out to be equal to 82%. This value is partly due to the high
reflectance of the back-silvered glass facets forming the primary optics, but it also indicates
that the coupling of the parabolic trough mirror with a flat geometry absorber may be an
interesting option for medium-temperature applications. The thermal efficiency of the present
parabolic trough collector at 0.16 K m? W is equal to 64%, which constitutes a remarkable
result as compared to some medium-temperature concentrating collectors available on the
market and this value can still be increased. In fact, in the tested prototype, the receiver consists
only of a flat absorber provided with a black coating, so it is not optimized for the minimization
of the thermal losses. Higher efficiency may be achieved by arranging this absorber as a part

of a cavity receiver provided with a front clear borosilicate glass. Furthermore, on the front
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surface of the absorber, a selective coating with a lower emittance in the infrared region might

be employed.

Figure 42 reports the effects of the outlet vapor quality (Figure 42 — a) and of the inlet
subcooling (Figure 42 — b) on the thermal efficiency of the collector #co during the steam
generation tests. Considering that the extended uncertainty of the collector efficiency is £2%,
it can be concluded that the outlet vapor quality and the inlet subcooling had negligible effects

on the collector efficiency.
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Figure 42 — Experimental thermal efficiency of the solar collector with a flat bar-and-plate receiver collected
during the steam generation tests as a function of the outlet vapor quality (a) and the inlet subcooling of

water (b).

As can be seen in Figure 43, during direct steam generation, the difference between the wall
temperatures measured by the flat RTDs at the back surface of the absorber and the saturation
temperature is always lower than 1 °C. This proves that the vaporization process can be
performed at mass flow rates down to 11 kg h™! without originating any hotspot or instability
due to dry out of the liquid film at the wall. The hydraulic performance of the proposed receiver
can be assessed by considering the difference between the measured pressures at the inlet and
at the outlet of the receiver. Figure 44 reports the pressure drop through the bar-and-plate flat

receiver as a function of the mass flow rate during the direct steam generation test runs. During
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direct steam generation test runs pressure drop across the receiver is around 0.02 bar, that is
within the experimental uncertainty of the pressure transducers, while during the test in liquid
heating mode, it is in the range 0.10 — 0.13 bar with a mass flow rate between 245 kg h! and

250 kg h'l.

146

% Saturation temperature

142 A @ Wall temperature
138 8 888 ¢
)
L 134
S
o
o
2 130 $ i
£
it

126 A1

122 A ﬁ
6% ¢ o & ¢ S9BEE

118

0.18 OI‘Z 0.22 O.I24 O‘IZG O.IZS 0.3

Outlet vapor quality (-)
Figure 43 — Wall temperature (orange diamonds), based on measurements at the back surface of the receiver,
and saturated temperature (blue dots) as a function of the outlet vapor quality during the two-phase test runs.
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Figure 44 — Pressure drop through the receiver as a function of the mass flow rate during the vaporization of

R1233zd(E) at a saturation temperature of around 85°C (blue diamonds) and 100°C (red square).
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From the previous Figure, it can be concluded that the bar-and-plate absorber is particularly
suitable for direct steam generation since the presence of the turbulator for heat transfer
enhancement leads to low additional pressure drop. On the other hand, the geometry of the

turbulator should be optimized for the application in single-phase flow regime.

Finally, the time constant of the collector has been calculated following the procedure reported
in the standard EN ISO 9806:2013 [110]. At first, the concentrator is manually defocused so
that no concentrated radiation reaches the receiver and the fluid inlet temperature is set close
to the ambient air temperature. During this test, the electrical heaters of the preheating were
switched off and the circulating mass flow rate was set equal to 250 kg h™!, which is the same
value used during liquid heating tests. The direct normal irradiance was around 830 W m™.
Once reached a steady-state condition, the tracking system of the collector is switched on to
focus the solar beams on the absorber within few seconds. Readings continue until the steady
state conditions are reached again, which means that the outlet temperature of the fluid varies
less than 0.5 °C per minute. In Figure 45, the difference between outlet fluid temperature and

ambient air temperature is plotted against the elapsed time with the receiver on focus.
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Figure 45 — Temperature difference between outlet fluid and ambient air against elapsed time during the time

constant test run according to the standard EN ISO 9806:2013 (EN ISO 9806).



Planar surface receiver for single- and two-phase heat transfer fluid 110

The collector time constant can be calculated as the elapsed time between the focusing of the
concentrator on the absorber and the time when the difference between the outlet fluid
temperature and the ambient air temperature rises to 63.2% of the total temperature increase
from the starting to the final value. The time constant of the present asymmetrical parabolic
trough solar collector results equal to 213 s, thus, the collector stabilizes quickly. The
preconditioning period of 20 min adopted during test runs is long enough to ensure that the

initial conditions of the system and it does not affect the experimental results.

3.3.5 Results of the experimental investigation on a bar-and-plate receiver

for direct vaporization of R1233zd(E)

The experimental study on the direct vaporization of a halogenated fluid with a low Global
Warming Potential (GWP) in the bar-and-plate flat receiver using concentrated solar flux has

been carried out during the month of August 2016.

The selected fluid is R1233zd(E) and it represents a possible low-GWP substitute to R245fa as
a working fluid for many applications, such as Organic Rankine Cycle (ORC). As reported in
Table 6, the thermophysical properties of the R1233zd(E) are very close to those of the R245fa.

Table 6 — Thermophysical properties of the fluid R245fa and R1233zd(E) [115].

Thermophysical property R 245fa R 1233zd(E)
Normal boiling temperature 15.1°C 18.3°C
Critical temperature 154 °C 165.6 °C
Critical pressure 3.65 MPa 3.57 MPa
Latent heat at 25°C 190.32 kJ kg* 191.76 kJ kg*
Specific heat at 25°C and 0,1 MPa 1.32 k kg K*! 1.24 kJ kg K*!
Ozone Depletetion Potential (ODP) 0 0.0003
Atmospheric lifetime ~ 8 year 26 days
Global Warming Potential (GWP) 858 1

Two test sequences have been carried out at two different level of saturation pressure collecting

74 experimental points. During the tests, the ambient temperature was in the range 28 — 35°C
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and the values of the direct normal irradiance were between 700 W m™ and 920 W m™. Table

7 resumes the fluid conditions occurred during the experimental campaign.

Table 7 — Experimental conditions during the two test runs with the halogenated fluid R1233zd(E).

Saturation pressure 7.5+ 0.16 bar 10.5 £ 0.10 bar
Saturation temperature 84 -87°C 100 - 101 °C
Inlet subcooling 10.6 - 14.3 °C 21.2-243°C
Outlet vapor quality 0.37-0.99 0.35-0.89
Mass flow rate 46 -106 kg h'! 40-94 kgh'!

Equivalent mean temperature of the fluid in

the receiver (Eq. 3.9) 82.55-86.4 °C 95.7-98.6 °C

Pressure drop 5-10.5 kPa 3-6.5kPa

In the first test sequence, the saturation pressure varies between 7.24 bar and 7.77 bar,
corresponding to a saturation temperature around 85°C. By varying the inlet subcooling
between 10.6°C and 14.3 °C and the mass flow rate in the primary between 46 kg h™! and 106
kg h'! it was possible to obtain an outlet vapor quality that ranges from 0.37 to 0.99. During
the second test sequences, the saturation pressure was between 10.42 bar and 10.65 bar with a
saturation temperature around 100°C. The subcooling at the inlet of the receiver was between
21.3 °C and 24.3 °C, while the mass flow rate of the halogenated fluid assumes values between
40 kg h'! and 94 kg h™!. During this test run, the vapor quality at the outlet of the receiver was
between 0.35 and 0.89.

During the two test sequences, the onset of the dry out was observed for an outlet vapor quality
around 0.75. This value has been evaluated based on the trends of the surface temperatures at
the back of the absorber, measured with five copper-constantan thermocouples attached at 20
mm, 50 mm, 90 mm, 140 mm and 200 mm from the outlet of the receiver (Figure 46). The
onset of the dry out phenomena corresponds to the sharp increase of the difference between the
saturation temperature and the wall temperature. In fact, during the dry out, the internal surfaces
of the channel are in direct contact with the vapor phase without any liquid film. This situation

leads to a drop in the internal heat transfer coefficient and thus to a sharp increase in the
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temperature of the surface. In the test runs at 7.5 bar, close to the outlet, the temperature of the
back plate of the receiver remained under 87°C for outlet vapor quality lower than 0.75, then
it rapidly increased up to 93°C for outlet vapor quality of 0.99 (Figure 46 — a). With reference
to the Figure 46 — b, at 10.5 bar saturation pressure, the closest thermocouple to the end of the
receiver (at 20 mm from the fluid outlet) measured a temperature lower than 103°C when the
outlet vapor quality was lower than 0.72°C. For the maximal value of the outlet vapor quality

0.89, this temperature raised to a value close to 106°C.
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Figure 46 — Surface temperatures at the back of the absorber, measured at 20 mm, 50 mm, 90 mm, 140 mm
and 200 mm from the outlet of the receiver (blue symbols) and saturation temperature (red crosses) as a
function of the outlet vapor quality during the vaporization of R1233zd(E). The plots refer to the test runs at
7.5 bar (a) and 10.5 bar (b) saturation pressure.

The experimental values of the collector thermal efficiency 7.,/ calculated according to Eq.
3.7, are plotted with their corresponding error bands against the reduced temperature difference
T, in Figure 47. The results show that the average collector efficiency 7. at a saturation
temperature around 85°C was around 73%, while it decreased to 70% when the saturation
temperature was around 100°C. In the same Figure, it is plotted the efficiency curves derived
from the experimental points collected during the present tests (continue black lined) and

during the single- and two-phase tests with water in the same concentrating collector (dashed
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black line). It can be observed that there is a good agreement between the two sets of data and
the error between the efficiency curves derived from the test runs and the experimental data in
vaporization of R1233zd(E) is lower than the experimental uncertainty. The difference that
exists between the two curves may lie in the different test conditions and fluid properties. As
known, water presents excellent thermophysical properties allowing its adoption for heat
transfer applications with high performance. Moreover, due to the lower latent heat of
vaporization of the R1233zd(E), higher outlet vapor quality, close to the unity, has been
reached in the present test as compared to the tests with water at lower inlet subcooling and
mass flow rates. The resulting average values of the receiver efficiency were 77% and 74% at

7.5 bar and 10 bar saturation pressure, respectively.
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Figure 47 — Experimental thermal efficiency data of collector with a flat bar-and-plate receiver collected
during the direct vaporization of R1233zd(E) at 85°C (blue diamonds) and 100°C (red squares) saturation
temperature. The efficiency curves derive from the data collected during the present tests with R1233zd(E)

(black continue line) and the single- and two-phase test runs with water (black dashed line).

Figure 48 reports the effects of the outlet vapor quality on the collector efficiency during the
vaporization of the halogenated fluid at the two pressure levels. Considering that the extended

uncertainty of the collector efficiency is £3%, it can be concluded that the outlet vapor quality
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had a negligible effect on the collector efficiency. Furthermore, the efficiency of the collector
did not present any significant decrease when the dry out phenomena take over. This
remarkable result suggests that it is possible to vaporize almost completely the halogenated

fluid in the bar-and-plate receiver without any losses of efficiency.
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Figure 48 — Experimental thermal efficiency of the solar collector with a flat bar-and-plate receiver collected
during the direct vaporization of R1233zd(E) as a function of the outlet vapor quality of the fluid. The plots

refer to the test runs at 7.5 bar (a) and 10.5 bar (b) saturation pressure.

In the graphs of Figure 49, where the thermal efficiency of the collector is plotted against the
inlet subcooling, it can be noted that also the inlet subcooling did not significantly affect the

efficiency of the solar collector.

Finally, Figure 50 reports the pressure drop through the bar-and-plate flat receiver as a function
of the mass flow rate during the vaporization test. It is worth to mention, that this Figure
provides only a general trend of the pressure because the plotted values are lower than the
experimental uncertainty of the pressure transducers. Anyway, the result confirms that the
designed absorber is capable of vaporizing the fluid R1233zd(E) with a limited pressure drop,
as happened during the vaporization of water, implying a low electrical consumption for the

circulating pump.
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Figure 49 — Experimental thermal efficiency of the solar collector with a flat bar-and-plate receiver collected

during the direct vaporization of R1233zd(E) as a function of the inlet subcooling of the fluid. The plots refer

to the test runs at 7.5 bar (a) and 10.5 bar (b) saturation pressure.

Pressure drop (kPa)

e e
o =N

[ ¥ N L =2 T B « < BN =]

(=

¢ I
& P oy =
H
@ Saturation temperature 85°C
B Saturation temperature 100°C
| \ | | \ |
T T T T T T
30 40 50 60 70 80 90 100 110 120

Mass flow rate (kg h')

Figure 50 — Pressure drop through the receiver as a function of the mass flow rate during the vaporization of

R1233zd(E) at a saturation temperature of around 85°C (blue diamonds) and 100°C (red square).
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3.4 Modelling of single-phase heating and direct vaporization of

fluids in a bar-and-plate receiver.

A new numerical model has been developed to predict the thermal performance of the bar-and-
plate flat receiver in single-phase heating and in vaporization of a heat transfer fluid. The
receiver has been discretized along its length in several segments. Each segment constitutes the
control volume where a zero-dimensional steady-state energy balance is applied. The energy
balance includes the concentrated solar radiation incident on the receiver, the thermal losses

from the receiver to the surround and the heat gain into the HTF.

A preliminary simulation on the heat conduction in the absorber material has been conducted
in order to evaluate the heat flux and temperature distribution inside the absorber. The
simulations have been performed by means of the steady-state finite element solver Mirage
[116]. This software is capable to solve steady-state heat conduction problems on two-
dimensional planar domains. The main limitation to the solving capability of this software is
the possibility to implement only one boundary condition for each surface. This limitation may
cause some problem in the development of the receiver model, where the external surfaces are
typically interested by convective and radiative heat transfer to the surround. This limitation
has been bypassed considering equivalent convective heat transfer coefficients which take into
account both convective and radiative heat transfer. Furthermore, the concentrated heat flux on
the front plate of the absorber has been modelled by considering a heat generation in a fictive
infinitesimal substrate adjacent to the front surface. This substrate has been divided into several
parts along the width of the receiver and each of them accounts for the equivalent heat
generation term according to the average flux distribution of the concentrated solar radiation
determined in Chapter 2. The HTF considered in this preliminary simulation was water flowing
at a mass flow rate of 250 kg h™!. The correlations used to estimate the values of the heat transfer
coefficients are presented in detail in the follows. The simulations have been conducted
considering a direct normal irradiance equal to 980 W m™, an ambient air temperature of 25
°C and for values of the average temperature of the water inside the channel equal to 35 °C, 50
°C, 80 °C, 110 °C and 120 °C. Figure 51 reports the distributions of the temperature and the

heat flux in the absorber material and in the insulation layer located at the bottom of the
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absorber for the latter case, which presents the most intense thermal stresses. The following

discussion of the numerical results refers to this case, but it can be easily extended to the other

simulated cases.
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Figure 51 — Heat flux vectors and distribution (a) and temperature distribution (b) in the cross-section of the

receiver obtained in the preliminary numerical simulation on heat conduction in the absorber and insulation

material. For the sake of clarity, the temperature distribution plot (b) is limited to the absorber

material.

As can be seen in Figure 51 — a, the heat flux through the absorber material is particularly

intense in the central region adjacent to the front plate of the receiver in accord to the

distribution of the concentrated solar radiation. The major part of the heat flow rate directs to

the inner part of the absorber where it is diffused by the turbulator and gained by the HTF by

convection. The rest of the heat flow rate is mainly dissipated through the front

and lateral

surfaces of the absorber in the ambient by convective and radiative mechanisms. The residual

heat flux passes the insulating layer on the back plate of the receiver before being dissipated to

the ambient. This heat flow rate is strongly reduced by the presence of the insulating layer. In
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Figure 51 — b, it can be noted that the temperature of the absorber material is almost constant,
with a thermal gradient lower than 4°C. In particular, the temperature on the inner surface of
the absorber, which is contact with the HTF, results practically constant. The considered bar-
and-plat flat absorber presents a thick aluminium plate on the front face reached by the
concentrated solar flux, that acts as a heat spreader. Thanks to the high thermal conductivity of
the aluminium, the plate entails the reduction of the transversal temperature gradient despite
the imposed non-uniform concentrated flux. Hence, the thermal conduction resistance in the
absorber material results is quite low compared to the thermal resistance at the external surface
and that of the insulating layer. The previous considerations have been widely adopted as
modelling assumptions in many numerical studies available in the literature and it has been
confirmed by the results obtained for tubular absorbers of different materials arranged in large
PTCs. Forristall [117] proved that a model of a tubular receiver in a parabolic trough solar
collector developed with an analogous scheme to the one adopted in this study is suitable to
predict the thermal performance of the receiver. Furthermore, the presence of the aluminium
turbulator in the present receiver facilitates the heat transfer between the absorbing front plate
and the back plate of the receiver. That entails a further reduction in the temperature gradient

in the absorber.

Based on the previous observations, the numerical model of the bar-and-plate flat receiver
developed in this study is based on the thermal resistance network depicted in Figure 52 where
the external surfaces (front, back and lateral) of the absorber, the external surface of the
insulation layer on the back of the receiver, the internal surface of the absorber in contact with
the HTF and HTF itself constitute the thermal nodes of the model. In the model, the aluminium
support bar in contact with the insulating layer has been considered to evaluate the radiative

thermal properties of the back surface.

In the model, the effective incident concentrated solar radiation, net to the losses in the optical
concentration, is mainly absorbed by the surface coating of the absorber (gans). Some energy
absorbed into the coating is conducted through the absorber and transferred to the HTF Qeas-
HTr by convection or by vaporization, while the rest is conducted through the insulating layer
to the back surface geas-eis. The remaining energy is lost directly to the environment by

convection and radiation (Ceas-amb, Qeis-amb , OeAssky , OEis-sky). The model assumes that all
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temperatures, heat flow rates and thermodynamic properties are uniform around the perimeter
of the receiver. With the help of Figure 52, the energy balance equations are determined by

conserving energy at each surface of the receiver cross-section:

( External Insulation Surface
L (insulating layer)

Qabs = qeas-amb t Qeas-sky t Qeas—1s T Qeas—EBs Eq. 3.10
qias—-oTF = qEAS—1S — Q15-EIS Eq.3.11
deas—-eis t Qias-e1s = 9eBs—amb t GEIS—sky kq. 3.12
Concentrated solar radiation
" abs -
Iahpienianinianiniunih. V Sl AY
I ( External Absorber Surface :
| L (alluminum surface) I
I I
I |
' AEAS-EIS Geas—1as |
External | I
Radiation Convection : :
| |
| |
| I
| X |
| Conduction |
qEAS-sky qEAS—amb | |
| I q1AS-HTF
[ Sk ] [A bi t] : Internal Absorber ] ! NN\ [ Heat Transfer Fluid ]
v mbien I Surface (turbolator)J | L
: ] I Internal
QErs-sky Qeis-amb | Conduction l Convection
| I
l |
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Radiation External | Conduction I
Convection : qras—Els :
l |
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l |
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Figure 52 — Thermal resistance network representing the dimensionless model of the bar-and-plate flat

receiver.
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It must be mentioned that the solar absorption is simplified by treating the solar absorptance as
a heat flow rate term terms instead of a volumetric phenomenon occurring in the volume of the
absorber material [117]. However, most of the absorption in the absorber occurs very close to
the surface (about 6 angstroms) [118]. Therefore, any error in treating solar absorption as a
surface phenomenon should be relatively small. Furthermore, this assumption makes the heat
conduction through the absorber material linear. In the model, the absorbed heat flow rate has

been considered as reported in Eq. 3.13:

Qabs = DNI Aaar,coat(pcyr) Eq.3.13

where arcoat IS the solar absorbance of the surface coating on the receiver, pc is the reflectance

of the mirrors and yr is the intercept factor associated with the width of the considered receiver.

The convective losses from the outer surface of the absorber have been modelled considering
alternatively the natural convection with the external air and a forced convection mechanism
in which the wind speed plays the main role. In both, natural and forced convection the external
convective heat transfer coefficient hextconv has been evaluated according to the following
expression
hext,conv = Nuextdkﬂ Eq.3.14
h,ext

here the equivalent external hydraulic diameter dnext is calculated considering the external
perimeter Pcross,ext OF the receiver cross-section:

Pcross,ext

dpext = = Eq.3.15

When the natural convection is involved, due to the thermal buoyancy effect, the convective
heat transfer coefficient hextconv Strongly depends on the position of the dissipating element.
Typically, due to the action of the two-axes solar tracking, the position of the considered
receiver varies continuously when the collector is working. In the model, it has been considered
an average position of the receiver assumed when the zenith angle is 45°. In this position, the
front and back plates result in a vertical position, while the lateral walls are horizontal. The

correlations adopted to calculate the natural convective heat transfer coefficient hextconv ON €ach
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external surface are taken from the book of Rohsenow et al. [119]. For the sake of brevity, these

correlations are not reported here.

When the forced convection mechanism is considered, it has been assumed that the wind
streams orthogonally the receiving surface with a speed of vwing. The external Nusselt number
Nuext is calculated according to the correlation of Sparrow et al. [120] reported in Eq. 3.16:

Nu,ye = 0.149 Re2:5? Eq.3.16

which is considered valid for a Reynolds number Reex between 2000 and 6300, calculated by
considering an appropriate equivalent hydraulic diameter dnext according to the following

formulations:

Pair Anext Vwina . P ext
Reext — air ex win Wlth dh’ext — CTO;:S ex Eq 317

Uair

The external perimeter Pcrossext Of the receiver cross-section in Eq. 3.17 is computed by
including the insulating layer at the back of the receiver because the original correlation of
Sparrow et al. [120] refers to a square cross-sectional parallelepiped in an air flow normal to
its length, as shown in Figure 53. Considering also the presence of the thermal insulating layer,
the dimensions of the sides of the transverse cross-section of the examined receiver are 70 mm
and 40 mm; therefore, it is considered that the square cross-section approximation is

acceptable.

———
—)\

Figure 53 — Configuration of the airflow blowing on a square cross-sectional parallelepiped according to the

formulation of Sparrow et al.[120].

The external surface of the receiver has been divided into two different portions to take into

account the different convective dissipations from the absorber surface Aeas at a temperature
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Teas and the outer surface of the insulating layer Ajs at a significantly lower temperature Teas.
The resulting convective heat flow to the ambient air at the temperature Tams from the absorber
surface and from the insulating layer can be calculated respectively by the following two

equations:

deas—amb = hconv,ext Agas (TEAS - Tamb) Egq. 3.18

qeis—amb = hconv,ext AEIS(TEIS - Tamb) Eq. 3.19

The radiative heat losses to the environment depend on the difference between the temperature
of the external surface of the receiver (Teas and Tgis.) and the apparent temperature of the sky
Tsky. By adopting the same simplification used in the model of Forristall [117], the apparent
temperature of the sky Tsky is assumed 8 °C below the ambient air temperature. For computing
the heat flow rates associated with this radiative dissipation, it is assumed that the receiver is a
small grey body placed in a large cavity (sky) that behaves as a black body. Under this
assumption, the thermal emittance coefficient of the receiver surface &r coincides with its
absorbance «ar. As with the calculation of the convective losses, the external surface of the
receiver has been divided into two different portions and the radiative heat flow rates have been
calculated separately.

_ 4 4
deas—-sky = Obb ErEAS AEAS(TEAS - Tsky) Eq.3.20

= 4 4
qEIS—Sky - O—bb ET',EIS AEIS(TEIS - TSky) Eq 32]

The thermal emittance of the external surface of the absorber &r gas coincides with the emittance
(at 100 ° C) of the absorbing coating and is equal to 0.45, while the emittance of the outer
surface of the insulating layer &reis is estimated to be equal to that of the untreated aluminium

of the support bar equal to 0.89.

The heat transfer from the external to the internal (turbulator) surface of the absorber can be
treated as heat conduction in a rectangular cross-section hollow body with the inner and outer
surfaces at constant temperatures. For this configuration, as reported in the book of Rohsenow
et al. [119], it is possible to calculate the conductive heat flow rate by introducing a shape

factor SF, that characterizes the shape of the cross-section of the geometry.
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qeas—1as = Kaps S (Tgas — Tias) L Eq. 3.22

where Kaps is the thermal conductivity of the absorber material (aluminium) and Iy is the length
of the considered segment of the receiver. The shape factor of the receiver SF; is defined per
receiver length unit (Irtt = 1.2 m) in accordance with Eq. 3.23 and refers to a cross-section of
a uniform thickness teq,abs and internal perimeter Pcross,int. IN the model, the uniform thickness
teq,abs has been considered equal to 8 mm, while the inner dimensions of the rectangular cross-

section were 58 mm and 3 mm.

SE 2m
L log (1 N 2Pn teq,abs) Eq.3.23
cross,int

The dispersion heat flow rate conducted from the absorber surface through the insulating layer
gaes-Els, can be calculated by applying the Fourier's law to the insulating layer itself. The
calculation can be simplified under the assumption that the heat propagates mainly along the

thickness of the insulating layer tins:

/1ins

tins

dEas—EIs = Agas—g1s(Tgas — Tgrs) Eq. 3.24

In Eq. 3.24 the symbol kins represents the conductivity of the insulating layer.

Finally, to calculate the useful heat flow rate gained by the heat transfer fluid flowing through
the turbulator in the absorber, two heat transfer mechanisms have been considered. In fact,
convective liquid heating occurs when the HTF is subcooled or saturated liquid and the wall
temperature of the inner surface is lower than the saturation temperature, while a two-phase
heat transfer occurs when the temperature of the internal surface in contact with the HTF is
above its saturation temperature. To calculate the convective heat transfer coefficient when the
liquid HTF is heated, the procedure proposed by Manglik and Bergles [108] was adopted. In
their correlation for the heat transfer coefficient, the number of Nusselt Nuint is expressed as a
function of the internal Reynolds (Reint) and Prandtl (Print) numbers and the Colburn j number
which depends on three dimensionless parameters (a4, y: and ot) that define the geometry of an

offset-strip turbulator.
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Nujpe = j (Reint PTL-;B) Eq.3.25

The three dimensionless parameters that characterize the geometrical size of the turbulator are
defined as follows:

St [ Lt

Ve =— O = — Eq. 3.26

a, = — =
‘ hy ‘ St le

where the s, hy, |t and t; are the width, the height the length and the thickness of a single strip
in the turbulator, as reported in Figure 54.

!
[
I
I

Figure 54 — Geometrical parameters of a single strip in an offset-strip turbulator according to Manglik and

Bergles [108].

The geometrical parameters of the offset-strip turbulator inside the consider bar-and-plate flat

absorber are reported in Table 8.

Table 8 — Geometrical parameters of a single

strip in the considered offset-strip turbulator.

Width of the strip 2.4 mm
Height of the strip 3mm
Length of the strip 18 mm

Thickness of the strip 0.3 mm
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Once the geometry of the turbulator is known and the internal Reynolds (Reint) and Prandtl
(Print) numbers are calculated at the mean temperature of the HTF in the heat receiver, it is
possible to calculate the Colburn j number by the correlation of Manglik and Bergles [108]:

j = 0.6522 Rei;l(;.5403at—0.1541 6?'1499)/{0'0678 .

Eq. 3.27
. (1 + 5.269 - 10—5 Reil,f,;‘wa?'SO“ 6?'456]/{1'055)0'1
This correlation was developed over a moderate range of Prandtl numbers, that is, for fluids
with Pr ranging from 0.5 to 15, and it was expected to be valid for all gases and most liquids

with moderate Pr values [108]. The convective heat transfer coefficient /z4s.n7rs-» between the

internal surface of the absorber and the HTF in single-phase heating is given by

AL
Rias—brFs—p = Niine R Egq. 3.28
h,eq,int

The internal equivalent hydraulic diameter dj,eq,ins is given by Eq. 3.29:

Ay

" Lewrb Eq. 3.29
IAS—HTF

dh,eq,int =4

where heat transfer area A4s-r7r to which the heat transfer coefficient is related is calculated
by Eq. 3.30 and /. 1s the effective length of the turbulator in the considered segment of the
receiver (total length of the turbulator = 1864 mm).

; l
Wine ) L@ (sl + he L+ Ry t) + trsy) Eq. 3.30

Ajps—uTF = (s Tt
t t

lturb
Considering that the turbulator occupies the whole internal width of the absorber wix, equal

to 58 mm, the flow area of the heat transfer fluid can be obtained by calculating the number

of channels Nejannels as reported in Eq. 3.31:

_ _ Wint
Af = Nchannets St bt = s + t; Se he Eq. 3.31

In the two-phase heat transfer, the HTF enters the receiver in subcooled liquid conditions, part
of the incident solar radiation is firstly spent to heat it up the liquid to its saturation temperature
(sensible heat) and then the saturated liquid is vaporized (latent heat). However, this separation
is only useful to understand the two heat transfer mechanisms involved, because sensible and

latent heat transfer occur simultaneously along the receiver and it is hard to observe them
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separately. In the considered receiver, given the high conductivity of the aluminium, which the
absorber is made, it is reasonable to assume that the internal surface temperature is fairly
constant. This means that when the wall temperature is higher than the saturation temperature
of the fluid, it is very likely that vaporization of the HTF can occur already in the presence of
subcooled liquid. From this premise, it is possible to apply a formulation proposed by Liu and
Winterton [121] to calculate the heat transfer coefficient between the inner wall and the
vaporizing fluid at an average vapor quality which has been considered the average vapor
quality between inlet and outlet conditions. In the formulation of Liu and Winterton [121] the
heat transfer coefficient A4s.17r-p takes account of the joined effect of convection and pool
boiling, calculated with the correlations developed by Cooper [122] (Eq. 3.33) and Dittus-
Boelter [123] (Eq. 3.34), respectively.

2 2\0-5
hias—brre-p = ((95 hpp S) + (ef hconv F) ) Eq. 3.32
Doar \O12 Doar |\ 055 Qb 2
hoo =55 (220) - (toma (52)) w0 ()
Perit crit r
AHTF,L 0.8 0.4
heony = 0.023 Reyrpr  Pryrr Eq. 3.34
h,eq,int
0.35
F = <1 + Xm PTHTF,L <pHTF’L - 1)) Eq 3.35
PHTF,G
S =(140.055F°! ReHTF,L0-16)‘1 Eq. 3.36
where
Thl dh eq,int
Re = Eq. 3.37
ML Apvow Marr
and the factors erand ey are evaluated as a function of the Froude number Fr:
_ {(Fr)o'5 for Fr < 0.05 o 338
s 1 for Fr =0.05 77
{(Fl‘)o'l_ZFr for Fr <0.05
= Eq. 3.39
1 for Fr >0.05
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Finally, the heat flow rate gi4s-#7r exchanged between the inner wall and the heat transfer fluid
is obtained by, where the heat transfer coefficient depends on the heat transfer mechanisms

involved:

hIAS—THF,l—p AIAS—HTF (TIAS - THTF)

qiAS—-HTF = { Eq. 3.40

hias—rur2-p Aras-nrr (TIAS - THTF,sat)
For the cases, where sensible and latent heats are transferred to the vaporizing fluid the vapor

quality at the outlet of the receiver is calculated with this expression:

dias-HTF — MYCy, (THTF,sat - Tin,r)
my hyy

Xout,R = Eq. 3.41

The pressure drop 4ps,, through the receiver in single-phase regime has been calculated
according to the work of Manglik and Bergles [108], where it is provided a correlation for the

average Fanning friction factor f'in the offset-strip array:

f = 9.6243 Re—0.7422at—0.1856 6t0.3053yt—0.2659 .

int
Eq. 3.42
. (1 + 7.669 - 10—8 Re{‘;.£29a?.920 6?.767)/{).236)0.1
and the pressure drop 4p;.y is given by
211,
Aps—p = oo tpHTF Eq. 3.43
eq,in

In two-phase regime, the pressure drop 4p.., through the receiver have been calculated with the
formulation proposed by Friedel [124]. The pressure drop results function of the specific flow
rate of the HTF Gurr, of the average value of the vapor quality in the considered segment of
the receiver xu, of the saturation pressure of the HTF, of the equivalent hydraulic diameter of

the turbulator and of the thermophysical properties of the two separated phases.

bro fro Gi
Ap;_p =2 HTE Eq. 3.44
dh,eq,int PHTF,L

Eq. 3.45
¢ —E. . + 3.24 FFriedel HFriedel i
LO Friedel Fr0.04-5 WeO.035
» PutrL fro Eq.3.46

Errieder = (1 — Xm )2 + Xm
PHTF,G feo
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2
GHTF dh,eq,int Eq. 347
PutEm Herieder
2
Ghrr Eq. 3.48
Fr = >
g dh,eq,int pHTF,m
o _ PHTF,L PHTF,G Eq. 3.49
HTFm —
Xm PHTF,L T (1—xp )pHTF,G
0.91 0.19 0.7 Eq. 3.50
H __ [ PHTF,L HHTF,G 1 HHTF,G 1
Friedel — -
PHTF,G UyTF L UyrF L
— ,.0.78 0.224 Eq. 3.51
FFriedel =Xm (1 - xm) q.3.3

The Fanning friction factors associated to the single liquid phase f70 and to the single vapor
phase fGo are defined based on the flow regime, evaluated by the values of the Reynolds number

in each phase:

(16 UHTF,L

for Re;n, <2000
GHTF dh,eq,int Lo

fLO =3 GHTF dh ) Eq. 3.52
0.079 ———=L2-  for Reyy > 2000
\ UgTrL
(16
_ 2 HuTEG for Reyp < 2000
GHTF dh,eq,int
feo = 1 Grurr Ay og it Eq. 3.53
0.079 ————=11- for Rey, > 2000
\ Ugtre

3.4.1 Numerical model validation

The numerical model of the described in the previous Paragraph is implemented in Matlab® in
a block diagram Simulink® environment. The model includes the parameters used to describe
the concentrator's optical performance (i.e. the nominal reflectance of the mirrors, optical
properties of the external surface of the receiver), the geometric properties of the receiver and
of the internal turbulator. The inputs of the model are the value of direct normal irradiance, the
inlet temperature and mass flow rate of the heat transfer fluid in the receiver, assuming that it
is always in conditions of subcooled liquid, its saturation temperature and the temperature of

the ambient air. When the external forced convection mechanism is considered in the model, it
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is required to specify the wind speed. In the thermophysical properties of the fluids are
calculated with NIST Refprop Version 9.0 [109]. The model estimates the temperatures at each
of the considered thermal nodes in each receiver’s segment as long as the convergence criteria
based on the local and global thermal balances are not satisfied. Once a stationary converge is
reached, the model provides the useful heat flow rate gained by the HTF, the average fluid
temperature, the outlet temperature and vapor quality at each segment of the receiver, and

finally, the thermal efficiency of the solar thermal collector

The developed model has been validated by comparing the numerical results and the
experimental data collected during the test of the concentrating solar collector in liquid heating
and direct vaporization of water and R1233zd(E), presented in the Paragraph 3.3.4 and 3.3.5,

respectively.

The first simulations have been performed according to the test conditions during the six
experimental sequences with the parabolic trough collector working as a water heating.
According to experimental data, the direct normal irradiance ranged between 500 W m™ and
860 W m, the mass flow rate of the was equal to 250 kg h™!, the ambient air temperature varied
between 8°C and 33 °C while the temperature of the distilled water at the inlet of the receiver
has been set at 37 °C, 48 °C, 50 °C, 81 °C, 109 °C and 117 °C. In order to evaluate the influence
of the thermal losses due to convection on the external surface of the receiver, the wind speed
in the model was varied from 0 m s, corresponding to a condition where only natural

convection takes place, up to 3 m s,

As shown in the graph of Figure 55, where the collector thermal efficiency has been plotted
against the reduced temperature difference, for a constant value of the reduced temperature
difference, the thermal losses increase with the wind speed, leading a decrease in the collector
efficiency. Furthermore, it can be noted that the results of the model are highly influenced by
the value of the wind speed. The simulations present a very good agreement with the
experimental data of the single test sequences for a wind speed lower than 2 m s™. The mean
relative error made in the predictions of the thermal collector efficiency reaches its minimum

(1.5%) for a value of the wind speed equal to 0.9 m s™' (not showed in Figure 55).
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Figure 55 — Simulation results and experimental data for the collector thermal efficiency as a function of the

reduced temperature difference. The simulations have been performed for different value of the wind speed.

Once the receiver model has been validated during the single-phase heating of water, the next
step is its validation when two-phase heat transfer occurs. To carried out this validation, the
dataset collected during the vaporization of the halogenated fluid R1233zd(E) was preferred
over that collected during the vaporization of water because of the higher values of the outlet
vapor quality. Thus, the numerical predictions of the model have been compared against
experimental data collected during the two test sequences of direct vaporization of the fluid
R1233zd(E) at the saturation temperature of 85 °C and 100 °C, respectively. The collected data
of the collector efficiency have been plotted as a function of the outlet vapor quality with the
values estimated by the numerical model. Figure 56 shows that the estimated thermal
performance of the collector is in good agreement with that determined through the
experimental tests. The predictions of the thermal efficiency at the saturation temperature of
85°C are quite accurate with a relative error lower than 2%. For the test at the saturation
temperature of 100°C, the model tends to slightly underestimate the thermal efficiency
obtained when the outlet vapor quality is greater than 0.8. In fact, the mean relative error in the

prediction of the thermal efficiency was around 1%, 2.5% and 5% for outlet vapor quality lower
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than 0.5, 0.8 and 0.9 respectively. For these last points, the numerical prediction exceeds the
experimental uncertainty bar. In this regard, it must be mentioned, that the heat transfer
coefficient of vaporization defined by Liu and Winterton [121] depends on the considered
vapor quality, the specific flow rate of the vaporizing fluid and the heat flow rate of the incident
thermal radiation. The experimental points for higher values of the vapor quality were obtained
with lower mass flow rates of R1233zd(E) at the end of the test runs when the normal direct
irradiance resulted lower than that collected during the test performed in the central hours of
the day and that present low outlet vapor quality. As a consequence, the correlation of Liu and
Winterton [121] loses accuracy and the prediction of the outlet vapor quality result slightly
lower than its measured values, in particular for the data at a saturation temperature of 100°C.
In these working conditions, however, the phenomenon of dry out has already been triggered
and it is not recommended to use the developed model as it exits the validity range of the Liu

and Winterton [121] correlation.
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Figure 56 — Simulation results and experimental data for the collector thermal efficiency as a function of the
outlet vapor quality of the fluid R1233zd(E) at a saturation temperature of 85°C (a) and 100°C (b). In the

simulations, the wind speed was set to 1 m s7.

The validated numeric model has been used to perform an estimation of the thermal

performance of the collector including vaporization of the halogenated fluid R1233zd(E) up to
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a saturation temperature of 130 °C. For these simulations, the values of the mass flow rate have
been assumed according to the inlet subcooling, so that the outlet vapor quality resulted
between 0.55 and 0.6. This was done to prevent the onset of dry out phenomenon and the use
of the Liu and Winterton outside its validity range. The ambient temperature was considered
equal to 30 °C. The result of these simulations is shown in Figure 57: from the numerical
predictions, it results that it is possible to vaporise the halogenated fluid R1233zd(E) inside the
modelled receiver at a saturation temperature of 130 °C with a thermal efficiency of the solar
collector of more than 60%. For the sake of completeness, in Figure 57 the experimental data
have also been plotted and the resulting efficiency curve. Even though the experimental
efficiency curve (dotted line) plotted in Figure 57 is extended from its original range of

definition, it results in very good accordance with the simulated efficiency curve (dashed line).
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Figure 57 — Simulation results and experimental data for the collector thermal efficiency as a function of the
temperature difference between the calculated mean condition of the fluid R1233zd(E) and the ambient. The
outlet vapor quality ranges between 0.55 and 0.6 and the saturation temperature was up to 130°C. In the

simulations, the wind speed was set to I m s’
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3.4.2 Numerical comparison of the original and two modified receiver

configurations during single-phase heating

Once the proposed model of the receiver has been validated, it has been adopted to predict the
thermal performance of receivers which present small changing in the receiver configuration.
The simulations performed on the modified configuration have been conducted only for single-
phase heating of water. This choice was made in order to consider a heat transfer mechanism
that has been largely studied in the past and for which correlations are considered largely

reliable in the scientific literature.

In order to study the influence, the turbulator in the receiver on the thermal collector efficiency,
the model has been modified in order to evaluate the heat transfer performance in the bar-and-
plate receiver with the absence of the turbulator. In the new configuration, the receiver presents
a simple hollow rectangular channel originated by the front and back plate and the side walls.
In order to evaluate if the assumption of the constant temperature of the internal surface still
holds, a heat conduction in the absorbing material simulation has been performed with the
software Mirage. The simulation has been performed considering water as HTF flowing at a
mass flow rate of 250 kg h™!, a value of the direct normal irradiance equal to 980 W m™, an
ambient air temperature of 25 °C and an average temperature of the water inside the channel

equal 120 °C. The results of the simulations are reported in Figure 61.
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Figure 58 — Heat flux vectors and distribution and temperature distribution in the cross-section of the

receiver without internal turbulator obtained numerical simulation on the heat conduction in the absorber.

As it was observed for the receiver with the internal turbulator, the heat flux through the

absorber material is particularly intense in the central region adjacent to the front plate of the
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receiver in accord to the distribution of the concentrated solar radiation. The major part of the
heat flow rate directs to the inner part of the absorber where it is distributed around the channel
walls where it is transferred to the HTF mainly from the upper and side wall of the channel
(Figure 58). Furthermore, it can be noted that the temperature of the absorber material is almost
constant, with a thermal gradient lower than 1°C. In particular, due to the high thermal
conductivity of the aluminium the temperature on the channel surface, which is contact with
the HTF, results practically constant as it happened when the turbulator was present. Thus, the
assumption of a constant temperature of the internal channel can be considered valid also in
the absence of the turbulator. Compared to the heat conduction simulation performed with the
internal turbulator it can be noted, that the temperature of the absorbing material is higher

leading to higher thermal losses in the environment.

To adapt the validated model of the receiver to the new configuration, some modifications are
required. In particular, the calculation of the internal heat transfer coefficient can be no longer
based on the correlations for off-strip turbulator, but it must be referred to a hollow channel
with a rectangular cross-section. As suggested by Incropera et al. [125], the well-known
correlation of Gnielinski [126] is a valid formulation to compute the internal heat transfer

coefficient for this case:

kHTF,L

(4.44 for Reu, < 2300

dh,eq,int

hIAS—HTF,s—p = < f/8 (Reint _ 1000)PrHTF kHTF,L Eq. 3.54

1+127 (f /g) (Pl =1) Aneqint

int

for Rej,: > 2300

where the Fanning friction factor f and the internal equivalent hydraulic diameter dj,eq,ins are
calculated as:

P cross,int

f = (0.79 In(Rej,;) — 1.64) 2 and dheqint = -

Eq. 3.55

The simulations have been performed according to the test conditions during the six
experimental sequences with the parabolic trough collector working as a water heating. The
wind speed in the model was set equal to 1 m s™ in accordance with the result of the model

validation.



Planar surface receiver for single- and two-phase heat transfer fluid 135

Figure 59 reports the thermal efficiencies of the collector as a function of the reduced
temperature difference resulting from the numerical simulations performed with the bar-and-
plate receiver with and without turbulator. The values of the efficiency of the collector with a
hollow receiver are lower than the obtained by the receiver with the inner turbulator. In fact,
during liquid heating, the presence of the turbulator enhances the heat transfer area and
promotes the onset of the turbulent regime. The resulting effect is a net increase in the collector
efficiency around 5.5%. The same increase would be rather difficult to reach by operating on
the collector optic and certainly, it would have a higher cost than the addiction of an off-strip

turbulator in the assembling of the bar-and-plate receiver.
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Figure 59 — Collector thermal efficiency as a function of the reduced temperature difference obtained from
the simulations of the bar-and-plate flat receiver with (red dots) and without (blue squares) offset-strip

turbulator. In the simulations, the wind speed was set to I m s™.

After having highlighted the key role of the turbulator in the increase of the thermal
performance of the receiver, the developed model has been adopted to evaluate the effect of
the addition of a glass cover on the front plate of the absorber as done in the receiver proposed
for linear Fresnel collector. The glass cover has the function to reduce the convective heat

losses from the absorber surface, which is the element at the highest temperature in the receiver.
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In Figure 60, the cross-section geometry of the original bar-and-plate receiver, which model
has been validated against the experimental data is compared to the new geometry of the

optimized receiver.

NN

Back insulation
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Figure 60 — Cross-sectional view of the bar-and-plate flat receiver in the original configuration modelled

and tested during the experimental campaign (a) and of the modelled configuration after the addition of a

glass cover and insulation layers (b).

In the new model, the presence of the glass requires the addition of a thermal node between the
external absorber surface and the environment (ambient air and sky). The new model of the
optimized receiver can be represented by the thermal resistance network depicted in Figure 61.,
The glass cover has been considered very thin so that its internal thermal resistance can be
neglected compared to the other thermal resistances surrounding this element. With the help of
Figure 61, the set of equations describing the energy balance of the receiver cross-section
results:

Qabs = 9EAS—glass T Aeas—1s T Qeas—EBs Egq. 3.56

QEAS—glass = leass—sky + CIglass—amb Eq.3.57
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Q1as-HTF = QEAS—-1S — QIS-EIS Eq. 3.58

qeas-eis t Qias-e1s = 9eBs—amb t GEIS—sky Eq. 3.59
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Figure 61 — Thermal resistance network representing the dimensionless model of the optimized configuration

of the bar-and-plate flat receiver.

The heat losses qeas-surt OCCuUrring between the absorber front plate and the glass cover are a

result from the natural convective and radiative heat losses between the two surfaces. These
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losses are modelled with the expression reported in Eq. 3.60, under the conservative

assumption that the view factor Fyr between the two surfaces can be approximated to the 0.7.

deas—glas = hconv,nat Agas (TEAS - Tamb)
Eq. 3.60

4 4
+ Opp gr,coating Aglass va (TEAS - glass)

The convective heat transfer coefficient /cony,na between the absorber front plate and the glass
cover has been calculated with the correlation reported in the book of Rohsenow et al. [119]

for parallel isothermal plates.

The convective heat flow (giass-amb from the glass surface to the ambient air at the temperature

Tamb has been calculated according to the following expression:

qglass—amb = hconv,ext Aglass (Tglass - Tamb) Eq. 3.61

where the external convective heat transfer coefficient can be computed according to Eq. 3.14.

The radiative heat 10sses Qglass-sky from the glass to the sky can be computed as

— 4 4
qglass—sky = Opp gglass AEAS(TEAS - Tsky) Eq. 3.62

where the thermal emissivity of the external surface of the absorber egiass coincides with the
emissivity of the glass in the far infrared region (considered at 100 ° C) and is assumed equal
to 0.9, according to the values founded in literature.

Although the presence of the glass cover can reduce the convection losses it introduces a further
optical loss linked to the transparency characteristics of the glass that can never be unitary. A
fraction of the incident radiation will be reflected by the glass and the remaining radiation will
be partly absorbed in the glass before reaching the absorber plate, although solar the absorption
occurring throughout the thickness of the glass cover is relatively small (o= 0.02). In the model,
it has been considered that the glass cover is provided with an anti-reflective treatment, to
achieve high transmittance in the wavelength range between 300 nm and 2500 nm, which is
the most interesting band for solar thermal applications. For this glass, a transmission
coefficient 7gss equal to 95% was assumed and the solar absorption in the glass cover was
neglected to simplify the analysis. Hence, in the new model of the optimized receiver, the heat
flow rate that expresses the concentrated solar radiation absorbed by the front plate of the

receiver, has been calculated according to Eq. 3.63:
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Gaps = DNI AaTglassar,coat (pcyr) Eq. 3.63

The glass cover requires a support structure, that should present a trapezoidal geometry, in
order not to shadow the front plate of the absorber. An aperture angle of the trapezoidal receiver
equal to half of the collector’s rim angle (78°) has been chosen and the distance between the
receiver and the front cover has been assumed to be equal to 30 mm. Furthermore, the
supporting structure of the glass allows extending the thermal insulation from the back plate to
the side walls of the receiver in order to further reduce the thermal losses to the environment.
From the numerical point of view, the extended insulation leads to a reduction in the area of
the absorber at the highest temperature that was in contact directly with the external air Ag4s
and an increase to the external insulated area Agis which is assumed to be at a constant

temperature 7gs.

Simulations have been performed in order to compare the thermal performance of the original
and new optimized geometry of the receiver. The simulations have been conducted according
to the test conditions during the six experimental sequences with the parabolic trough collector
working as a water heating. The main result of the simulations is reported in Figure 62 where
the efficiency of the collector is plotted against the reduced temperature difference. From this
Figure, it can be noted that for the reduced temperature difference lower than 0.05 K m? W™,
the efficiency of the unglazed receiver (red dots) is higher than that of the receiver with the
glass cover and the additional insulation (green triangles). This is due to additional optical loss
linked to the non-ideal transparency characteristic of the glass, that decrease the optical
efficiency 7 of the collector from 82% to 78%. The two values of the optical efficiency 7y of
the collector can be determined from the intersection between thermal efficiency curves of the
ordinates axis (at 0 K m?> W). For values of the reduced temperature difference over 0.05 K
m? W, the efficiency curve of the collector obtained for the original receiver model always
lower than the efficiency of the optimized receiver. The difference between the two efficiency
curves increases with the reduced temperature difference, because the glass cover and the
insulation layer on the sidewalls reduced the thermal losses between the absorber and the
environment, leading to an increase in the thermal efficiency of the receiver and of the collector

as a consequence.
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Figure 62 — Collector thermal efficiency as a function of the reduced temperature difference obtained from

the simulations of the bar-and-plate flat receiver without (red dots) and with (green triangles) glass cover

and additional insulation. In the simulations, the wind speed was set to 1 m 5.



Chapter 4 Numerical investigation on a small scale

solar-powered Organic Rankine Cycle

Distributed electric generation is becoming more and more widespread bringing significant
contributions to the electrical system. Distributed generation can be implemented in various
forms, including conventional technologies such as diesel generators, microturbines, as well as
advanced technologies such as fuel cells, systems involving the use of renewable energy (solar
power, wind power, mini and micro-hydraulic, biomass and waste) and energy storage
(electrochemical, electromagnetic, hydraulic). The use of Rankine cycle power generation
systems with organic working fluid are of particular interest for the conversion of low-grade
thermal energy (including solar energy) into electrical power. Organic Rankine Cycle (ORC)
systems present reduced fluid dynamic erosion, the possibility to operate at moderate
temperatures, the lack of rapid thermal cycling, such as those found in Stirling machines, and
moderate vibrations and noise emissions that make these machines suitable to be installed also
in residential area. In addition, the flexibility of ORC to operate with different working fluids
is well suited to work with solar power by adapting the fluid characteristics to the operating

temperatures of the solar collector.

In this Chapter, after a brief introduction on the ORC and its combination with a solar thermal
system, a discussion on the most suitable organic fluid for this application is presented. A
numerical model of a small size ORC for low-grade heat sources is proposed and validated by
comparison with the datasheet of a commercial unit with a comparable size. Finally, the model
of the solar concentrating collector with a bar-and-plate flat receiver developed in the previous
Chapter is integrated into the ORC model. Some simulations are conducted in order to evaluate
the performance of an ORC working with R1233zd(E) coupled to the aforementioned
concentrating solar system with direct vaporization of the halogenated fluid or by using an
intermediate solar circuit to heat pressurized water and evaporate the organic working fluid in

a separate heat exchanger.
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4.1 Organic Rankine Cycle

In thermal power plants, the use of water as a working fluid is, without doubt, the best choice
to exploit heat sources available at temperatures over 300 °C and for powers exceeding 2
MWel. As the size of the plant increases, over a few tens of MW, the traditional Rankine vapor
cycle is the best option. In fact, water as working fluid presents the advantage of being
inexpensive and chemically stable at high temperatures, furthermore, its thermophysical
properties allow to design and realize thermodynamic cycles with high conversion efficiencies
for large size plants. On the other hand, for low power plants and low-grade heat sources, the
use of water as a working fluid is no longer convenient due to technical and economic limits
[127]. First, water presents a low molecular weight fluid, hence, the enthalpy drop elaborated
by the expander will be high. This involves the use of high-cost specific turbines that can
withstand high mechanical stresses on the disks/blades of the machine and which will
inevitably work with modest expansion efficiency. A further limit on the use of water as a heat
transfer fluid for small power plants is related to the simplicity of its molecule. The strong
negative gradient of the upper limit curve in the specific temperature-entropy diagram implies
that the final stages of the expansion will occur within the upper limit curve, with negative
effects on the expansion efficiency and the life of the turbine. To cope with this and achieve
high cycle efficiency, it is necessary to adopt cycles with an important superheating of the
vapor. In addition, often the only superheating of the vapor is not enough and it is necessary to
reheat the vapor to remove the remaining moisture carried by the steam at the final stages of
the expansion process and to further increase the efficiency of the cycle. Both of these options
are difficult to implement for applications with heat sources at low- to medium-temperature.
Moreover, the consequential need for multiple stages in the turbine is not compatible with low
power plants. Due to the high ratio between the evaporation heat and preheating or superheating
heat for water, much of the heat in the cycle takes place at a constant temperature, while the
heat sources are often at a variable temperature. The multi-level evaporation solution,
commonly used in large power plants with combined cycles, is not feasible for small plants.
Lastly, the high critical pressure of water implies that at high evaporation temperatures, which
are necessary for high cycle performance, the pressures are very high, resulting in high

prevalence for the circulating pump and high thicknesses of the tubes and collectors in the
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steam generator. All these issues become accentuated by decreasing the size of the plant until

they become predominant for powers of less than 1 MWe.

The use of organic fluids in a Rankine cycle represents a valid alternative to convert heat from
different heat sources to electricity where it is not possible or convenient to adopt conventional
technologies such as steam Rankine cycle. In fact, due to the low phase change temperatures
of the organic fluids used, ORCs are typically used for electrical or mechanical power
generation in small power applications where the available heat source is at low- to medium-
temperatures, such as wasted heat from industrial processes, solar thermal systems, and
geothermal energy. Figure 63 compares the fields of application of ORCs and conventional
Rankine steam cycles depending on the size of the plant and the thermal levels of the heat
source [128]. In this Figure, the use of ORCs for high-temperature applications results limited
by the thermal stability of the organic fluid, while the maximum power is limited by economic
criteria. It exists a variable limit with the temperature of the thermal source, above which the
ORC:s are not economically competitive with traditional Rankine cycle. Due to the economic
nature of this limit, it is expected, through technological progress and reduction of the
production cost, that the applicability range of the ORC technology will increase. ORC systems
represent an extremely competitive technology for applications where the power is lower than
1 MW, and the average temperature of the heat source is below 250 °C, which is often

associated with the renewable energy sector.

ORC systems present smaller conversion efficiencies than the conventional Rankine cycles:
electrical efficiency of ORC systems ranges typically between 3% and 25% depending on the
temperature of the heat source. These low values are not due to intrinsic inefficiencies resulting
from the use of OWF instead of water, but they are a direct consequence of the lowest
temperatures of the exploited heat sources, which limit the maximum achievable conversion
efficiency, accordingly to the Carnot formulation. Because of the modest available temperature
differences, the exergetic analysis, which considers the limits imposed by the second principle
of thermodynamics, may be a more representative tool to evaluate the performance of the ORC
system. Furthermore, when the size of the system is reduced, the economic competitiveness
imposes a simplification of the system which often implies a possible decrease in the

conversion performance of the system.
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Figure 63 — Fields of application of ORC and convention Rankine steam cycle as a function of the electrical

power output and the average temperature of the heat source accordingly to Gaia [128].

The first benefit in the use of an organic fluid for power generation with low-grade heat sources
is a direct consequence of the high molecular weight of these fluids, which implies a low
enthalpy drop and allows them to operate with low-cost, high-performance expanders.
Typically, the organic fluids have molecules with a medium complexity presenting a quasi-
isentropic upper limit curve or even with a positive slope. This characteristic implies that the
expansion inside the limit curve can be avoided by a modest superheating. Furthermore, during
its expansion, the fluid is only slightly cooled and the regenerative preheating of liquid may
occur with very simple plant solutions, or it may be completely absent. Organic fluids exhibit
a small ratio of vaporization latent heat to that needed to preheat the fluid or its superheating,
hence the temperature profile of the fluid fits better a variable temperature heat source. Low
values of the critical pressure allow operating at a high evaporation temperature without
requiring either high pressures or high prevalence for the circulating pump and high thicknesses
of the tube’s wall. With the aim of recovering part of the heat discharged by the expander to
preheat the liquid, it can be convenient to adopt an internal regeneration. In some cases, the use
of a regenerator cannot be avoided, as in the case of ORC systems working with variable

temperature geothermal sources. In these applications, it is advisable not to cool excessively
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the fluid to avoid reaching the brine point, a condition where the mineral salts dissolved in the
water precipitate. On the other hand, if there are no minimum hot water temperature limits, the
use of a regenerator may be counterproductive as it reduces the heat recovered from the cycle,
increases the pressure drop introducing a further complication in the circuit and increasing the

initial investment [127].
4.1.1 Working fluids for ORC with low-grade heat sources

The selection of the working fluid for an ORC is a crucial choice in determining the
performance and cost of the plant, in particular for ORC system for low-grade heat sources
[129]. The thermophysical properties of the fluid strongly affect the size of the heat exchangers
and the expander and have a great influence on the overall conversion efficiency of the cycle.
In the literature, several works proposed different criteria to select the most suitable organic
fluid for ORC depending on the heat source. Chen et al. [129] discussed extensively the
properties of 35 potentials working fluids considering their thermodynamic and thermophysical
properties, stability, environmental impact, safety and compatibility with materials. Saleh et al.
[130] compared the performance of an ORC cycle (100 °C evaporation temperature and 30 °C
condensation temperature) for 31 potential organic fluids focusing on the effect of superheating
and internal regeneration. Their conclusions highlighted that the slope of the upper saturation
curve and the critical temperature in relation to the heat source, the stability limits of the fluid,
the flow rate in the evaporator and the volumetric expansion ratio play key roles. Qiu (Ren. En.
48, 2012) compared several criteria proposing a scale for the selection of the working fluid in
ORC system. Although some specific requirements can reverse or modify the order of the
applied criteria, his work provided a useful schema for the fluid selection. From this analysis,
it resulted that particular attention must be paid to environmental impact (ODP and GWP) and
safety aspects (toxicity and inflammability) of the fluid, normal boiling point, slope of the
upper limit curve, specific enthalpy and latent heat of vaporization and some other
thermophysical properties (low viscosity, high thermal conductivity) and finally to the cost and
the commercial availability of the fluid. He et al. [131] proposed a theoretical formula for the
calculation of optimal evaporation temperature for recovering heat from waste sources in order

to maximize the power generated. Their results, in good agreement with the results derived
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from numerical simulations, suggested that the highest power output can be obtained using
fluids with a critical temperature slightly lower than the temperature of the heat source. Beyond
the achievable power output and conversion efficiency, the authors individuated three
fundamental parameters of the working fluid which influence the investment cost of the system:
the evaporation pressure and heat transfer area provide first indications on the heat exchanger
cost (thicknesses and size) while the expander size parameter SP.,, originally defined by
Macchi and Perdichizzi [132], can be representative of the cost of the expander. These
parameters were considered decisive also in the study of Lakew and Bolland [133], where the
performance of different working fluids for heat sources available at 80°C and 200 °C were
numerically compared to identify the most appropriate fluid according to three distinct
optimization objectives: maximum electric power generated, minimum heat transfer area and
minimum expander size parameter SP.y,. The results indicated that the selection of the fluid
varies according to the objective. The best compromise should be found through a multi-
objective optimization, considering both the system performance and the size and cost

parameters of the components.

From these studies, it is clear that is not possible to identify a single OWF that perform better
in absolute terms and the selection of the optimal fluid is strongly dependent on the temperature
and the nature of the available heat source. In addition, it emerges that it is necessary to find
the best compromise between the different aspects of interest, not only considering the
thermodynamic characteristics of the fluid. In this regard, safety aspects, as well as
environmental impact, may play important roles in the selection of the working fluid. Using a
non-flammable fluid reduces the risk of fire ignition and eliminates the need for measuring,
prevention and extinguishment devices [134]. The use of toxic fluids is limited to systems
operating far away from public places and requires trained and experienced. The need to protect
the ozone layer and reduce greenhouse gas emissions have led to consider the environmental
impact entailed by the direct emission of such organic fluids. Therefore, they were classified
in terms of ODP (Ozone Depletion Potential) and GWP (Global Warming Potential). The ODP
of substance defines the relative amount of degradation to the ozone layer by an equal mass of
trichlorofluoromethane (R11, ODP = 1) that can be produced by the release of a unit of the

considered substance. Fluids that contain chlorine atoms in their molecules present an ODP
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value greater than one, as this element triggers tropospheric ozone destruction processes once
the molecule is disrupted. For the preservation of the ozone, these fluids have been banned
from the Montreal Protocol. The GWP is a relative measure of how much heat a greenhouse
gas traps in the atmosphere by comparing the amount of heat trapped by a certain mass of the
considered substance to the amount of heat trapped by an equivalent mass of carbon dioxide,
whose GWP is standardized to 1. Under the Kyoto Protocol, the Conference of the Parties
decided that the values of GWP calculated for the IPCC Second Assessment Report must be
used for converting the various greenhouse gas emissions into equivalent amount carbon
dioxide. Recently, the introduction of two directives, approved by the European Union and
signed by the USA, Canada and Mexico, set the way to the progressive phase-out of high GWP
HFCs. The F-Gas Regulation [135] aims to reduce the emission HFC presenting high GWP,
by containing their leakages in existing systems and replacing them with alternative fluids with
low environmental impact and similar performance. To achieve this objective, F-Gas
Regulation imposes the dismission of HFCs with high greenhouse effect. Currently, the
regulation is applied to civil refrigeration, commercial and HVAC system and it will probably
be extended to electric power generation from heat sources at low- and medium-temperatures
where high-impact HFC fluids are widely used (R134a, R245fa, R245ca). The MAC Directive,
whose jurisdiction is limited to mobile air conditioning systems (mainly aimed at replacing
R134a) is even more restrictive as it prohibits the use of HFCs with high GWP (> 150) in the

air conditioning systems of vehicles produced from 2017.

From what presented above, it can be understood that the selection of the appropriate OWF
cannot discern from the environmental considerations. Therefore, the use of natural fluids
(carbon dioxide, propane, isobutane, propane, ammonia) and a new generation of synthetic
low-GWP fluids, such as HFOs and HCFOs, have encountered a great interest in the last years.
The latter type of fluids, is the most promising alternative for the replacement of existing fluids
currently used for low-temperature ORC and for refrigerant, as their characteristics are very
similar. The presence of a double bonding in their molecule accelerates their degradation in the
atmosphere, thereby reducing their atmospheric lifetime (ALT) and consequently their ODP
and GWP associated with their emission. Recently it has been proven experimentally that

different HFOs show good stability in applications in low- and medium-temperature
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applications [134]. Furthermore, these fluids also exhibit great compatibility with both metal

and elastomer materials, commonly used in ORC and refrigeration circuits.

At the present, the fluid R245fa has been considered by many authors the most suitable choice
for ORC systems coupled to low-grade heat sources. The main advantages offered by the use

of this fluid for the exploitation of low-grade heat source are reported in the following:

e It is a non-flammable fluid, unlike the competing hydrocarbons at temperatures below
150°C. However, it is weakly toxic and therefore belongs to category B1 according to
the classification ASHRAE 34:2010 [136].

o [t presents a null ODP.

e Itis a dry expansion fluid (positive slope of the upper saturation curve) and therefore,
it does not form droplets during its expansion;

e It has a critical temperature of about 150°C (154 °C) which is perfectly compatible with
typical temperatures of low-grade heat sources. Furthermore, it allows operating at high
temperatures in order to obtain high conversion efficiency by keeping a certain distance
from the critical temperature, in the proximity of which, small temperature variations
can trigger instability phenomena.

o Inthe low-temperature range, it presents modest evaporation pressure which allows the
use conventional heat exchangers well diffused on the market (at 100 °C its saturation
pressure is just 12.6 bar)

e Above 13 °C its condensation pressure is higher than atmospheric pressure, allowing
the possibility to operate without a system to eliminate the non-condensable gases under
the typical operating conditions imposed by the thermal sink.

o Low evaporative pressure and high condensation pressure allow limiting the pressure
ratio in the expansion process. This aspect is a great advantage in the use of volumetric
expander both in terms of cost and efficiency.

o [t present high thermophysical properties in both liquid and gaseous phases.

o [t is very weakly corrosive, has good lubricating properties and it does not cause
fouling;

o [Itis easily available on the market and has modest prices.
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Datla and Brasz [137] compared the conversion efficiency, the size of heat exchangers and
expander of a 100 kW ORC supplied by heat sources at temperature between 80 °C and 100
°C when different OWFs were used. Their results showed that the maximum efficiency was
obtained using toluene. However, this siloxane oil presents several undesirable properties like
high toxicity, flammability, furthermore, it required a high expander size, high expansion
pressure ratio and sub-atmospheric condensation pressure which discourage its use. Very
similar performance has been obtained with fluids presenting a lower saturation temperature
and admit lower size and rotational speed of the expander such as pentane, R245fa and R123.
However, the use pentane is often avoided do its high flammability, while R123 contains
chlorine in its molecule. Cataldo et al. [138] compared the performance of an ORC plant for
heat sources at 100 °C — 150 °C with different OWF, assuming constant isentropic efficiencies
of the pump and the expander and minimum temperature difference at the heat exchanger.
Evaporation temperatures and condensation have been adjusted to maximize the efficiency and
minimize the specific cost of the heat transfer area for a unit of power generated. The results
show that the fluids with the lowest critical temperature considered in their analysis (Novec649,
RE347mcc, R245fa) maximize the efficiency while it is necessary to use fluids characterized
by higher conductivity and higher latent heat of vaporization heat to minimize the specific cost
of the heat transfer area. Quoilin et al. [139] claimed that, if all the aspects of interest are
considered, only three operating fluids result interesting for ORC system supplied by so sources
at the temperature around 150 °C: R245fa, Solkatherm® SES36 and n-Pentane. Solkatherm
SES36 is the fluid that in their study showed the highest efficiency (7.9%), however, it required
the largest expander. N-Pentane, in addition to being flammable, required the use of a large
regenerator in order to operate with high efficiency. Despite the lower efficiency (6.9%), the
best choice under the considered operating conditions resulted the R245fa. In the study of
Rayegan and Tao [140], where a procedure for selecting the most suitable fluid for solar-
powered ORC was developed, R245fa was recommended as potential working fluids in the
case of collectors at low- and medium-temperature. In the study of Li et al. [141], the influence
of the OWF on the performance of the ORC has been evaluated by varying the temperature of
the heat source assuming a constant supplied heat flow rate. In this investigation it has been
shown that among all the fluids considered, the R245fa was the optimal fluid for heat sources

at the temperature lower than 150 °C. The fluid R245fa was also chosen an OWF in many
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experimental studies on solar-powered ORC systems [139,142] or for waste heat recovery
where it displayed good performance. The presence on the market of several commercial small
ORC unit using R245fa provides a further proof of the technical and economic feasibility in
the exploitation of low-grade heat source with this fluid. Despites the excellent thermodynamic
performance of R245fa for the exploitation of low-grade heat source the growing sensitivity of
society on environmental issues will increasingly limit its use due to its high GWP (1030
according to Moles et al. [143] although other authors in the literature indicate lower GWPs
between 800 and 1000). In the work of Juhasz and Simoni[115], several potentially applicable
fluids as a replacement for the use of R245fa in ORC systems were compared. Moles et al [144]
limited their analysis to two fluids R1233zd(E) and R1336mzz(Z), which are the most valuable
candidates for the future replacement of R245fa. Table 9 compared the thermophysical

characteristics and the environmental parameters for the two substances considered.

Table 9 - Thermophysical properties of R245fa, R1233zd(E) and R1336mzz(Z) [143]

Parameters R245fa R1233zd(E) R1336mzz(Z)
Chemical formula CF;CH,CHF, CF;CH=CHCl CF;CH=CHCF;
Terit (K) 427.16 438.75 444 .45

Perit (MPa) 3.65 3.57 2.9

Mol. w. (kg kmol™") 134 130.5 164

Slope Dry Dry Dry
Flammability Non-flammable Non-flammable = Non-flammable
ASHRAE Std 34 safety class B1 Al Al (expected)
Tested thermal stability (K) 523.15 n.a. 523.15

ALT (year) 7.6 0.1096 0.0658

ODP 0 0.00034 0

GWP 1030 7 9

Boiling point (K) 287.96 291.12 306.55

Latent heat at boiling point (kJ kg™ 196.23 195.52 165.67
Evaporating pressure at 400 K (MPa) 2.21 1.80 1.28

Condensing pressure at 300 K (MPa) 0.16 0.14 0.08
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The trend of the saturation pressure with the temperature and the saturation curves in the T-s

diagram for R245fa, R1233zd(E) and R1336mzz(Z) are reported in Figure 64.

4000

| —HFC-245f2
3500

| —HCFO-123324-£
3000 N HFO-1336mzz-Z
2500

Presure (kPa)
P
2
[=]

.y
LA
o
=]

250 300 350 400 450
Temperature (K)

_a_
460

[ —HFC-245fa
440 |

|| ——HCFO-12332d- ' ' AT\
420 + | ' i

HFO-1336mzz-Z

400 -

Temperature (K)
w
3

0.8 1 1.2 14 1.6 1.8 2
Entropy (kJ/kgK)

_b-

Figure 64 — Saturation pressure (a) and saturation curves in the T-s diagram for R245fa, R1233zd(E) and
R1336mzz(Z) [143]

It worth to be mentioned, that because of the chlorine atom in the molecule of R1233zd(E) this

fluid presents a non-zero ODP. However, due to its very low atmospheric stability, it presents
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an ODP of only 0.00034. This negative aspect appears to be of lower relevance than the benefit
achieved in terms of the greenhouse effect, thus it usually considered acceptable and not widely
discussed. It is important to note that the GWP index associated with the R1233zd(E) is
typically lees than 10, while the GWP value for the R245fa is much higher, typically between
850 and 1030.

Due to the only recent introduction in the market of R1233zd(E) and R1236mzz(Z), most of
the publications aimed at studying the potential use these fluids as a replacement to the current
R245fa are numerical study. Kontomaris [134] numerically compared the performance of an
ORC cycle with R1336mzz(Z) and R245fa. The results have shown that the use of
R1336mzz(Z) is technically possible and can even lead to an increase of the cycle performance.
In the work of Datla and Brasz [145], the performance of R1233zd(E) and R245fa in a small
low-temperature ORC (75 kWel) equipped with a radial turbine were compared. The use of
R1233zd(E) can increase the efficiency by 8.7% compared to the competitor fluid. In
comparison to the same system, however, the temperature of the heat source was increased so

that evaporation temperature can be maintained the same.

Molés et al. [143] compared the performance of an ORC with both basic and regenerative
configurations operating with R1336mzz(Z), R1233zd(E) and R245fa and powered by a
constant heat flow rate at the evaporator. Both olefins gave similar performance to that obtained
with R245fa. The analysis involved evaporation temperature ranging from 97 °C to 147 °C,
and superheating from 0 °C to 50 °C while the condensation temperatures were between 27 °C
and 77° C. According to the results of the simulations, both R1336mzz(Z) and R1233zd(E)
require a pumping power from 37% to 41% and from 10% to 17% lower than that for the
R245fa. The efficiency resulted 10.6% and 17% higher compared to that of the R245fa, for
R1336mzz(Z) and R1233zd(E) respectively, depending also on the use or not of a regenerative
exchanger. Both alternative fluids require a larger expander than the R245fa: in the case of
R1336mzz(Z), the expander volume was 31% - 42% higher compared to R245fa, while that of
the R1233zd(E) was only 8% - 10% higher. The difference between the conversion efficiency
of the two fluids with respect to the R245fa, increases when the condensation and evaporation

temperature rises, while the difference in size of the expander decreases.
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Eyerer et al. [146] presented a work on the applicability of R1233zd(E) as a substitute for
R245fa in ORC system supplied by a heat source at 120 °C by comparing system parameters
such as cycle efficiency and power output. The influence of the process parameters mass flow
rate, condensation temperature, and expander rotational speed was investigated experimentally
for both fluids. The authors have concluded that R1233zd(E) can be successfully used to
replace R245fa in existing systems without major modifications in the system. Comparing the
highest achieved thermal efficiency, it was found that the use of R1233zd (E) can lead to an
increase of 6.92% in the thermal efficiency with constant condensation and evaporation
temperatures and constant isentropic expansion efficiency. However, the net electric power
generated by the ORC working with R1233zd(E) was 12.17%. lower. It was observed
experimentally that the largest volumetric flow rates of the R1233zd(E) required for the use of
the system designed for R245fa, implied to increase the rotational speed of the expander to
maintain the same volumetric efficiency and do not excessively penalize the power generation.
In the work of Molés et al. [147], an experimental evaluation of the working fluid R1233zd(E)
as R245fa replacement in ORC systems for low-temperature heat sources at different operating
conditions has been conducted. Thermal and electrical powers resulted lower for R1233zd(E)
than for R245fa, due to the fact that the different densities of the working fluids, implied that
the mass flow rate for R1233zd(E) was approximately 20% lower than for R245fa. However,
net electrical efficiency was similar for both working fluids, ranging from 5% to 10% in the
tested operating conditions. Guillaume et al. [148], experimentally compared the performance
of an ORC system fed by the waste heat of the exhaust gases of a long-haul truck and equipped
with a radial-inflow turbine for R245fa and R1233zd(E). Measurements in steady-state were
conducted in order to evaluate the performance of the turbine-generator set when varying the
pressure ratio, the rotational speed, the inlet temperature and the mass flow rate of the turbine
and the lubrication flow rate of the bearings for various oil temperatures and mass flow rates.
Three types of comparison were proposed for the performance of the ORC components: same
temperature levels for both fluids, same condensing temperatures and same evaporating
pressures and finally, same pressure levels. The experimental results showed that R1233zd(E)

represented a better choice compared to R245fa to recover waste heat, based on the given test

rig.
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4.1.2 Expander for ORC with low-grade heat sources

The selection of expander to be installed in an ORC is decisive in determining the performance
and cost of the system. Weiss [149] highlighted that the cost of expander can weigh up to 50%
of the total investment cost of the system, especially for small scale ORCs. With regard to
performance in terms of conversion efficiency and power generated, for several authors the
expander is the most critical component of the system because is the most influencing element
on the overall cycle conversion efficiency. The selection of the best expander type depends on
the size of the ORC system, the temperatures of the available heat source and heat sink and the
operating fluid used, which define the expansion ratio. The performance of the expander at
partial loads should also be considered when the heat source and/or the heat sink may present

some variability.

Beside the thermodynamics aspects, there are several economic and technical aspects to
consider, such as the availability on market, the reliability of the technology, the service, and
maintenance cost and the longevity of the device. One of the most important parameters, is the
rotational speed of the expander because it has significant implications in the coupling with the
electric generator, the types of bearings for shaft rotation and the amount lubricant needed for
its efficient operation. Working at high rotation speed makes necessary to use rotary gear or
power conditioning systems for coupling with the electrical net, bearings present a high oil
consumption for the lubrification. Furthermore, it is required to dissolve a higher amount of oil
in the working fluid for the efficient lubrification and sealing of the device and to install an oil
separator as a consequence. This device may prevent the counterproductive participation of the
oil to the heat transfer processes in the condenser and evaporator. To limit the fluid leakage,
great attention should be paid to the sealing of the expander housing, in particular, in the cases

of fluids presenting high environmental impact, toxicity or flammability.

The expanders for ORC systems can be divided into two main categories depending on the
different physical conversion mechanism that they exploit: volumetric (positive displacement)
and dynamic (turbines) expanders. To the first group belong a series of very different devices

such as scroll, single-screw or double-screw, reciprocal pistons and rotary vane expanders. For
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small ORC units, in particular below 100 kWei, positive displacement expanders like scroll or

screw machines have been often applied (Figure 65).
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Figure 65 — Expander technology of existing ORC systems operating with different fluid plotted as a function

of the actual volumetric expansion ratios and the electrical power output [150].

Many publications [151,152] showed that for small power output or rather small mass flow
rate, volumetric expanders present considerable advantages regarding efficiency, rotational
speed, size and cost. Such devices can process smaller flow rates and are suitable to elaborate
high pressure ratio in a single stage. They can work at lower rotational speeds than turbines
and allow in some cases the direct coupling with the electric generator without the need for a
gearbox. Furthermore, working at low rotational speed reduces sound emissions, vibrations
and stresses on rotor components ensuring the best reliability of the system. Volumetric devices
are simpler to produce than turbines, which may present significant technological limits in
reducing the size for the excessive miniaturization required. They also present a higher
flexibility at partial loads. Finally, they are more robust and allow processing of high fractions
of liquid without showing signs of wear or sharp reduction in the expansion isentropic

efficiency.

Besides the above-mentioned reasons, there is another very simple reason for the frequent use
of small volumetric expanders for small ORC systems: these machines were cheaply available

in the past from refrigeration or compressed air technology where they acted as compressors
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[149]. Currently, volumetric expansion solutions available on the market present high cost
mainly due to the limited production dictated by the low demand on the market. Therefore,
very often in experimental research volumetric compressor used in refrigeration and air
conditioning are modified to be used as an expander. In fact, due to the absence of operating
valves, some volumetric compressors can be easily converted to expander by means of minor
adjustments, so as not to penalize excessively the efficiency of the reverse operation of the
machine. This operation is associated with additional losses compared to the use of designed
expander [153]. This is one of the reasons of the low overall efficiencies often experienced in
experimental tests of small ORC unit. For this reason, volumetric expander presents a
considerable margin to improve the performance and reduce the costs. The main disadvantage
in the use of volumetric expansion is the limit imposed by the built-in volumetric ratio. In fact,
all positive displacement devices present a fixed volumetric ratio. The fixed built-in volume
ratio 7y, can generate two types of losses if the system specific volume ratio is not equal to the
expander nominal volume ratio: namely blowback and blowdown losses. These two effects can
considerably reduce the efficiency of the expansion process, the most common being the under-
expansion [154]. Other sources of losses are friction, supply pressure drop, internal leakage of

the fluid and heat losses from the fluid to the environment through the housing of the devices.

Although several solutions have been proposed as potential candidate technologies for the
expansion process in ORCs, none of these has shown to be the best solution. From the studies
of Badr et al. [155,156] where different types of expander, such as turbines (radial, impulse,
reaction) and volumetric expander (screw, piston, Wankel) were compared for small power
generation, screw and Wankel expander have been shown to be the most promising
technologies among the others. Other theoretical and experimental studies confirm this the
observation of Badr et al. For example, the works of Kane[157], Lemort et al.[152,158] Quolin
et al. [159] and Singh et al. [160] showed that in the range of small power, scroll and screw

expanders present interesting values of the isentropic expansion efficiency, up to 70%.

Single- and twin-screw, scroll and rotary expanders are the most promising volumetric devices
as they continuously expand the operating fluid. Among these, the twin-screw expander is
considered to be the best candidate for ORC units with an electrical output between 10 and 300

kWe.i. These devices have a nominal efficiency of up to 70% and show a high flexibility in
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operating with partial loads. The presence of a sliding valve allows to efficiently vary the
intrinsic volumetric ratio as well as the elaborated volume, maintaining high efficiency even
under partial load conditions. In particular, these systems can fully cover the range of organic
fluid expansion pressures commonly used for electrical generation from low-temperature heat
sources. The volumetric ratio is generally around 5, limited by bending stress in the rotor,
however, examples of screw expander with a volumetric built-in ratio up to § are present in the
literature [161]. In comparison to scroll devices, the high volumetric built-in ratio allows their
efficient used with elevated pressure ratio in a single expansion stage. Currently, on the market
these devices present nominal power between 20 kW and 1 MW, and fluid flow rates between
25 L st and 1100 L s [152]. The application of these devices to smaller size has encountered
some difficulties due to the reduction in the constructive tolerances needed to avoid the
decrease of volumetric efficiency. In the future, it expected that thanks to the improvement of
manufacturing techniques, it will be possible to produce devices with smaller tolerances and
consequently, this technology will be able to compete with the largest scroll devices currently
used for small power [162]. In screw expander, the required gaps between the screws and
between the screws and the housing strongly penalize their volumetric expansion efficiency.
An internal pressurized lubrication system is usually implemented to ensure the high
volumetric expansion efficiency. This technical solution is often adopted combined with the
high rotational speed which improves the sealing due to the high centrifugal forces. Lemort et
al. [152] reported that an oil-free double-screw expander indicatively requires a minimum
speed around 10000 rpm to ensure an efficient sealing. Screw devices without lubrication are
available on the market with 20000 rpm maximum rotation speed [152]. The presence of liquid

in the expanding fluid may also contribute to the good seal of these devices [163].

Nowadays, only few companies around the world offer screw expanders on the market. Heliex
Power [164] produces devices for the recovery of high-pressure streams. Their devices are
applied for example to recover energy from the pressure reduction of natural gas in distribution
stations or in industrial applications. Smith and Leibowitz, founders of the company
ElectraTherm [165] have designed a twin-screw expander for ORC unit with low-grade heat

from sources, capable of generating power from 20 kWej to 110 kWe. The investment cost of
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their units was between 1500 and 2000 $/kW. with an estimated generation costs between 0.03

and 0.04 $/kWh (20 years).

The main competitors to screw expanders in the exploitation of low-temperature heat sources
in small ORC plant are scroll expanders. This technology is widely used in HVAC as
compressor because it displays high efficiency, few rotating parts, low rotation speeds suitable
for direct coupling with an electric generator, low vibrations and sound emissions, and high
reliability. The scroll expander used in small ORCs present efficiencies below 70% [152,166]
in the range from 1 kWei to 10 kWe1. Compared to screw expanders, scroll expanders are more
sensitive to changes in the operating conditions (flow rate, pressure ratio) and exhibit a sharper
decline of its isentropic expansion efficiency. The main limit on the applicability of this devices
is the modest intrinsic volumetric ratio, which generally is comprised between 1.5 and 3.5,
although devices working with r, up to 4 were reported in the literature [161]. The increase of
the volumetric built-in ratio implies the increase of the size of the device (diameter, length, and
number of spirals), its cost and the need for better sealing, which increase friction losses and
the frequency of maintenance. Higher pressure ratios (which require greater intrinsic
volumetric ratios) require larger spiral devices (cost greater) or the use of multi-stage serial
devices. Although the high suitability of this devices for distributed generation from heat
recovery at low temperature, scroll expanders are not still a mature technology and the design
and production of scroll expanders have been only poor developed by the industry given their
currently high specific costs. Even in the research works in the literature, scroll expander is
usually modified compressors converted for their use as expanders. There is a lot of excitement
for the introduction on the market of small size scroll expander. For example, Eneftech [167]
is about to make available to the market a 5 kW ORC unit (ENEFCOGENplus), while a 10
kWi unit (ENEFCOGENgreen) is already on the market at a price around 55000 €. Although
ORC units adopting these devices are currently present on the market, screw expander presents

a higher maturity level.
4.1.3 Solar-powered ORC

A solar thermal system can be combined with an ORC system according to two configurations:

coupling with direct vaporization of the organic working fluid (OWF) or by using an
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intermediate solar circuit to heat a heat transfer fluid and evaporate the OWF in a separate heat
exchanger. A schematic representation of these configurations is provided in Figure 66. In the
latter case, the heat transfer fluid circulating in the solar loop is heated during its passage in the
receiver of the solar collector (Figure 66 - a). From this, it enters the heat exchanger given the
gained heat to OWF, which is heated and evaporated. In order to perform a complete
evaporation of the OWF, the mass flow rates in the solar and in the ORC loop must be carefully
adjusted according to the solar input. In a solar-powered ORC system with direct vaporization
of the OWF in the solar collector, the solar circuit, and the ORC circuit coincide so as the solar
receiver coincides with the evaporator. By adopting this configuration, it is possible to simplify
the system, in fact, the intermediate loop for transferring the heat from the solar collector to the

OWEF circulating in the ORC system is no longer needed (Figure 66 - b).
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Figure 66 — Schematic representation of a solar-powered ORC systems in the case of vaporization of the
OWEF by the heat transferred in a separate heat exchanger (evaporator) from an intermediate heat transfer
fluid heated in the solar collector (a) and in the case of direct vaporization of the OWF in the receiver of a

solar collector (b) (once-through configuration).
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It is expected that the direct vaporization of the OWF in the solar receiver allows converting
the solar energy collected by the solar system into the thermal energy of the OWF with higher
efficiency than the case with indirect vaporization. In fact, this process takes place without the
irreversibility associated with the heat transfer occurring in the heat exchanger/evaporator. This
aspect is particularly important in ORC systems where the temperature differences between the
heat source and the environment are quite low (around 100 °C). From another point of view,
assuming the same inlet conditions of the OWF in the expander, the average temperature of the
fluid inside the solar collector in the direct vaporization configuration will be lower and, as a
consequence, the thermal efficiency of the solar collector will be higher. However, the solar
circuit must be sized for a higher operating pressure which corresponds to the desired
evaporation pressure of the OWF. This implies thicker tubes and better hydraulic sealing in the
solar circuit and in the receiver, especially in the case of the use fluids with a high impact on

the environment.

Although the feasibility of steam Rankine cycles with direct vaporization of water in PTC has
been extensively demonstrated, it has not yet been proved with organic fluids. In addition, a
direct vaporization of the OWF is characterized by a lower thermal inertia which requires a
high adaptability of the load and makes the system more sensitive to the onset of instability
which can occur at sudden variations of solar input. More complex control strategies are needed
to control the two-phase flow inside the collector in order to avoid the onset of dry out and
instability phenomena and guarantee a stable vaporization process. In the simpler solution, the
so-called once-through strategy, which is equivalent to a conventional Benson boiler, the total
amount of fluid flowing in the circuit is preheated, evaporated and superheated into the
collector. The representation depicted in Figure 66. - b provides the schematic of a solar-
powered ORC in once-through configuration. It must be mentioned that this strategy is not
usually implemented in a direct steam generation system, due to the fact that the mass flow rate
should be carefully regulated according to the solar input to have only a slightly superheated
vapor at the outlet of the solar receiver/evaporator without thermal and flow instabilities.
Commonly, in order to avoid the risk of dry out, more liquid is fed into the collector that can
be evaporated within the collector. Thus, it becomes necessary to collect the liquid fraction of

the non-completely vaporized fluid at the outlet of the solar receiver in a liquid-vapor separator.
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The excess of liquid can be directly recirculated in the receiver or it can be laminated and sent
to the condenser before being circulated in the solar collector Figure 67 shows two possible
schematics of the direct vaporization configurations adopting a recirculation strategy. In the
first solution (Figure 67— a), only a fraction of the total amount of liquid that feeds the solar
collector/evaporator is circulated in the rest of the circuit. The remaining fraction is circulated
by a secondary pump in the solar collector. In the second configuration (Figure 67— b), only
the expander works with a reduced flow rate, while in the rest of the circuit elaborates the total
amount of the working fluid. The economic optimum between the two configurations strictly
depends on the real working conditions. In fact, depending on the design conditions of the
systems, one configuration could present a lower initial investment than the other, but it could

present higher maintenance and service costs.
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Figure 67 — Schematic representation of a solar-powered ORC system in the case direct vaporization of the
OWF in the receiver of a solar collector when the liquid from the separator is directly recirculated in the

receiver (a), and when the separated fluid is laminated and sent to the condenser (b).
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As the size of the system increases, the evaporator may be constituted by more collectors
connected in series. In this case, the collector field can be subdivided into an evaporation and
a superheating section by a vapor-liquid separator. At the end of the evaporation section, the
excess liquid is separated from the vapor flow and recirculated to the collector inlet. If the
subdivision of the collector field creates different single collector units divide by an injection
element and gauging units, an injection control strategy can be performed. Both compact
liquid-vapor separators for solar field portion or huge separation drums for the whole collector
field are conceivable. Small compact liquid-vapor separators offer the advantage of a lower
inertia, thus reducing the time for start-up and lower investment.

The liquid phase separation can be obtained through centrifugal forces, as in cyclone
separators, or by inserting solid obstacles where to trap the liquid droplets, as in baffle
separators. In the first kind of device, the two-phase fluid enters tangentially into the cylindrical
device causing a spiral motion of the gas-phase. The axial flow is directed downwards in the
outer region and upwards in the core region with the vapor leaves the cyclone through the so-
called, vortex finder. For the separation of liquids, a simple cylindrical cyclone is used, which
can be divided into an upper section where separation takes place and a lower section where
the liquid is collected This design has the advantage of guaranteeing a well-defined flow
situation in the upper part. In combination with a vortex breaker at the liquid outlet, a
sufficiently high liquid level in the lower part avoids the problem of vapor being suctioned into
the liquid outlet. Furthermore, only a flat liquid surface allows the measurement of the liquid
level, which is necessary for the control of the liquid discharge. Baffle separators are a common
device specially designed for droplet elimination from gas streams. Typical applications are air
dryers in cooling devices and air cleaners for industrial exhaust streams with cut sizes in the
range of 5 to 30 microns. In principle two different configurations are possible. In the first
configuration, the vapor stream can be directed horizontally through a wave-plate package and
the separated droplets move downwards on the walls or can be collected in drainage channels.
In the second configuration, the vapor stream can be vertically directed upwards causing the
separation of the small droplets on the wave-plates. There they form a film flowing downwards
against the vapor stream. Larger droplets created by film break-up are now able to overcome

the drag in the vapor stream and fall into a sump.



Numerical investigation on a small scale solar-powered Organic Rankine Cycle 163

The European DISS and INDITEP projects have proven the feasibility of the direct steam
generation process in parabolic trough collectors under real solar conditions at the Plataforma
Solar de Almeria (PSA) [168]. These projects have shown that the recirculating mode is the
preferred operational mode in the case direct steam generation. However, it has to be
mentioned, that the expander usually adopted in small ORC unit for lower-grade heat sources,
are quite robust and allow processing of high fractions of liquid without showing signs of wear
or sharp reduction in the expansion isentropic efficiency. Therefore, in these systems, the once-

through configuration can be adopted without any particular requirement.

In the design of a solar-powered ORC system, it is essential that the choice of the collector is
taken accordingly to the desired temperature that supplies the ORC. In fact, the performance
of a solar-powered ORC system is given by the contribution of the electrical performance of
the ORC system and the thermal performance of the solar collector/solar field. In first analysis,
once the collector is set, higher temperatures at which the solar radiation is absorbed allow
higher evaporation temperatures and higher conversion efficiencies of the ORC as a
consequence, but penalize the thermal efficiency of the solar collector, whose losses by
convection and irradiation increase due to the increased average operating temperature of the
heat transfer fluid. Hence, to ensure higher collector efficiency the adoption of a more
expensive solar collector is required. On the other hand, lower maximum temperatures allow
the use of cheaper technical solutions for the collection of the solar radiation but involve lower
conversion efficiencies ORC. Therefore, at the same electrical output generated by the system,
it necessary to increase the solar field surfaces. The optimal value of the operating temperature
at which the solar field and the ORC system will be dimensioned as result of a compromise
between these two conflicting trends [169]. Compared to the large using traditional Rankine
cycles plants for CSP, exploiting solar energy through an ORC cycles allows to of smaller size
plants, with installed power from kWe to some MWe. The smaller power and the lower
temperatures involved allow occupying a smaller area on the territory than the large solar
power plants and the installation of solar collectors with a low concentration factor (typically
lower than 20), which do not require high reflective surfaces and expensive solar tracking
systems. Even though solar thermal collectors for medium temperature (between 80 °C and

250 °C) represent a niche sector, commercial models are available on the market [6]. The
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receivers of these collectors, depending on the operating temperature, may not need glazed and
empty cavity covers and they can be manufactured with cheaper materials and selective
coatings. This allows containing the investment costs of the solar field, which nowadays it is
the main cause that discourages the investments in the solar power industry due to the high
capital required and the long payback time. Furthermore, the lowest operating temperatures
can also reduce the costs and risks concerning the heat transfer to the power cycle by adopting
safer heat transfer fluid (neither toxic nor flammable), such as water, rather than the high
boiling diathermic oils used in CSP plants. For operating lower operating in temperatures
(lower than 150 °C), stationary concentrating collectors, such as compounds parabolic or
evacuated tube collectors, can be used without the need of expensive solar tracking systems.
The feasibility of small ORC with such collectors has been proven obtaining conversion

efficiency of 6% for a 120°C [170].

Nowadays, only few solar-powered ORC plants can be found all over the world. These
installations are typically pilot plants operating in the medium-temperature range, i.e. between
100 °C and 500 °C, using concentrating solar collectors in order to guarantee high conversion
efficiency. Moreover, the size of the plants is greater over the MW, to profit of the scale effect.
The National Renewable Energy Laboratory (NREL) constantly updates a dataset where it is
possible to find information on the existing concentration solar plant for the production of

electricity in the world among which ORC systems are also included [171].

Among the still operating solar-powered ORC plants, the demonstration plant (1 MWe)
Saguaro at Red Roch (Arizona - USA) is the oldest one and it is in service since 2006. In this
plant, linear parabolic collectors (Starnet LS-2 by Solargenix) with tubular receivers (Schott
PTR70) are coupled to an ORC system Ormat® operating with n-pentane. The solar collector
field is characterized by an overall aperture area greater than 10000 m?, capable to heat the heat
transfer fluid Xcertherm® 600 from 120 °C to 300 °C. The ORC plant operates with a
maximum evaporation temperature of 200 °C and a condensation temperature ranging from 15
°C to 35 °C, depending on the ambient temperature. The overall conversion efficiency is 12%,
while the average annual conversion efficiency of the power plant is around 7.5% [171].
According to Velez et al. [172], the specific investment for this facility was around 5730 €/kWe
with an estimated cost of energy produced around 17 c€/kWh. In the last decade in the
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Mediterranean area, the interest in solar-powered ORC system has increased and several
demonstration plants have been constructed. In 2014 the ORC Airlight Energy plant (12 MWe.)
in Ait-Baha (Morocco), which recovers heat from a cement plant, has been integrated a solar
system which is capable to supply 3 MWe. This pilot plant has been provided with linear
parabolic concentrators with an innovative pneumatic cover (Figure 68 - a). The overall
aperture area of the solar field is equal to 6160 m?2. The diathermic oil circulating in the solar
circuit is heated from 270 °C to 570 °C and sent to a heat exchanger/evaporator of the ORC

system.

Figure 68 — Example of solar collector fields installed in demonstration solar-powered ORC plants:

a - PTC with pneumatic covers installed in the Airlight Energy plant (Ait-Baha — Morocco),
b — LFRs installed in the IRESEN CSP-ORC plants (Benguerir Morocco)

Another example of solar-powered ORC demonstration plant is located in Rende (Calabria,
Italy). In this 1 MW, plant, solar concentration is achieved through the use of LFC collectors
with an overall aperture area of 9780 m?. The outlet temperature of the diathermic oil from the
solar circuit is equal to about 280 °C. The pilot plant IRESEN CSP-ORC (1 MWe.) under
construction in Benguerir (Morocco) uses LFC collectors as well (Figure 68 - b). This plant is
expected to use mineral oil as HTF for the solar circuit in the temperature range between 180
°C and 300 °C. The ORC will be present dry condenser and will be equipped with an oil storage
capacity of about 20000 1, capable of supply the plant for about 4 hours. Recently, the Stillwater
GeoSolar Hybrid Plant in Fallon (Nevada - USA) was expanded in March 2015 by adding a
concentrating solar collector field. In this hybrid plant, aside the 33 MW, produced from a
geothermal source and the 26 MWel are provided with photovoltaic panels, 2 MW, were
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integrated by the solar thermal collector field (17 MW). The overall aperture area of the PTC

field is approximately 656 m?, demineralized water is used as HTF.

Since the early 1990s, small scale ORC system combined with solar systems have been the
object of study by the scientific community. Small size solar-powered ORC systems are very
interesting because they allow distributed generation on the territory even in a residential-civil
area [139] and can help the electrification process of rural regions and the development of
small off-grid isolated communities [173,174]. The requirements for simplification and
containment of investment costs requires the use of more economical collectors that allow
efficient operations at lower temperatures than the collectors used in the presented large
demonstration plants. However, it cannot be found any commercial installation. One of the
main reasons of that is the lack of small and efficient expanders available in the market.
Although several solutions have been proposed as potential candidate technologies for the
expansion process in ORCs, none of these has shown to be the best solution. From the studies
of Badr et al. [155,156], where different types of expander, such as turbines (radial, impulse,
reaction) and volumetric expander (screw, piston, Wankel) were compared for small power
generation, screw and Wankel expander have been shown to be the most promising
technologies among the others. Other theoretical and experimental studies confirm this the
observation of Badr et al. [155,156]. For example, the works of Kane [157], Lemort et
al.[158,175], Quolin et al. [159,176,177] and Singh et al. [160] showed that in the range of
small power, scroll and screw expanders present interesting values of the isentropic expansion

efficiency, up to 70%.

The analysis of the scientific literature reveals that there is a noticeable lack in the number of
experimental studies on small scale ORC systems. The work Orosz et al. [139] reports the test
results of the experiments carried out on a demonstration plant sited in the district of Berea in
Lesotho. This system used linear parabolic concentrators with an opening area of 75 m? coupled
with a 3 kWe regenerative ORC system that used R245fa as OWF. The HTF in the solar circuit
was ethylene glycol and a thermal storage system with quartzite elements (2 m?) was used in
order to make the plant more stable. A modified scroll compressor is used as an expander. The
electrical conversion efficiency of the entire system resulted equal to 6% at a maximum

temperature of 150 °C of the HTF. This system can operate in cogeneration mode providing
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500 L/day of hot water. Quolin et al. [176] investigated the use of four different organic fluid
(R134a, R245fa, Solkatherm® and n-pentane) in the experimental plant presented by Orosz et
al. [139] by varying the vaporization temperature between 85 °C and 189 °C according to the
type of fluid used. A thermal efficiency between 3.6% and 7% depending on the operative
conditions. Another study of a small scale ORC solar system based on the use of scroll
expanders was presented by Saitoh et al. [178]. The ORC system with R113 was powered by
a solar CPC capable of heating water up to 140 °C. To ensure stable conditions of the system,
a steam storage was present. From the results of the experiment performed in the laboratory,
the overall conversion efficiency was 7% with an electrical output of 450 W. The conversion
efficiency increases to 42% if the cooling water in the condenser was provided to a thermal

user.

Wang et al. [179] proposed and implemented a low-temperature ORC Solar System for direct
vaporization of R245fa using flat solar collect-mounted (12 m?) or evacuated tube collector (10
m?). The partially vaporized fluid inside the solar collector was collected in a reservoir that
even the pressure to a value between 6 and 9 bar depending on the available solar radiation and
the type of collector. The ORC system employs a Wankel volumetric expander capable of
delivering a mechanical power of 1.64 kW with an average efficiency up to 45.2%. The authors
concluded that due to the greater thermal inertia characterizing the evacuated tube collector,
this collector was more efficient and guaranteed more stable operating conditions of the system.
The average efficiency of the with the evacuated tube collector was 4.5%, whereas it is reduced
to 3.2% when the flat collector was used. The difference in conversion efficiency was addresses
to the lower conversion efficiency of the collector (71% vs. 55%) and the lower temperatures
achieved by the operating fluid. In a subsequent work, Wang et al. [180] evaluated the possible
application of a 1.2 m? flat collector for the direct vaporization of R245fa at a maximum
temperature below 100 °C. Under the assumption that the expander worked with an isentropic
efficiency of 80%, the maximum calculated conversion efficiency of the solar energy in the
mechanical energy resulted equal to 3%. In the experimental study of Wang et al. [181], tests
were conducted on the direct vaporization of low-temperature R245fa in a 0.6 m? flat solar
collector combined with regenerative ORC system. This study has shown that the use of an

internal regenerator in the ORC system does not give any performance improvement at a
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constant flow rate. However, significant improvements have been observed with a variable
flow rate, due to the possibility of limiting the superheating of the fluid entering the expander.
Moreover, the variable flow rate improves the performance of the solar collector by reducing
the volume of the vapor fraction inside the collector. The experimental results highlighted the
importance of optimizing the mass flow rate setting, with an overall conversion efficiency of

2.42% and 0.84% with a variable and constant flow rate, respectively

More recently, Helvaci et al. [182] presented a solar-powered ORC system where the fluid
HFE7000 was vaporized and superheated directly into a flat collector and subsequently sent to
a rotary vane expander. In the ORC circuit, in addition to a water-cooled plate condenser, there
were a regenerative heat exchanger and a circulation pump. The study included first and second
principle analysis to evaluate the performance of the system. The collector was capable to
transfer 3564 W to the working fluid with a thermal output of over 57%. The maximum fluid
temperature reached was 45 °C. The mechanical power produced at the expander was 147W
(136We)) with an isentropic efficiency of 59%. Under these conditions, the thermal efficiency
of the system was slightly lower than 4%. The exergetic analysis showed that the highest
exergy destruction occurs in the solar collector (431 W) followed by expander (95 W), a
condenser (32 W) and pump (4 W). The exergetic efficiency was 17.8% (reference ambient
temperature of 15 °C). Finally, the authors suggested that increasing the pressure and the

superheating of the fluid entering the expander can lead to improved performance.

Delgado-Torres et al. [169,183] published a series of theoretical works by investigating various
possible configurations for a 100 kW solar-powerd ORC system with internal regeneration to
be destined for a desalination system. The authors looked at the possibility of direct and
indirectly vaporizing different fluids through two models of linear parabolic concentrators
[169] and fixed solar collectors [183]. The results indicated that the most suited fluid for high-
temperature, high concentration ratio solar collectors (e.g. PTC or LFR), was toulene whereas
isobutane, isopentane, R245ca and R245fa should be used in the range of medium temperature.
According to their analysis, overall efficiencies of 5% can be achieved with flat plate collector
and around 8% with ETC or CPC. A further publication of Delgado-Torres et al. [184] contains
the recommendations for the implementation of solar-powered ORC systems for desalination

processes through reverse osmosis. Concentration solar collectors were preferred to flat
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collector for the higher efficiencies in converting solar energy and the higher outlet
temperatures. This choice is particularly indicated in the case of indirect coupling between solar
and ORC systems, where the efficiency resulted more penalized when the maximum
temperature is decreased as compared to the direct vaporisation configuration. Finally, in this
publication, the authors emphasize that there is a lack of experimental evidence for the

validation of models of direct vaporization in the concentrating system.

It has to be mentioned that hybrid ORC, where the heat is supplied alternatively from the solar
collector or another external heat source offers could represent a cheaper alternative to the
adoption of a thermal storage in solar-powered ORC to ensure the continuity of generation
even in the absence of solar radiation. As an example, a small hybrid experimental system for
the cogeneration of domestic hot water and electricity through ORC was studied by Kane et al.
[157]. In this experimental apparatus, it is possible to integrate the thermal output of a solar
system, consisting of linear Fresnel reflectors (aperture area of 100 m?) with an evacuated tube
absorber, using a diesel engine with a nominal power of 15 kW, Pressurized water was
adopted as HTF. The solar circuit and the Diesel engine have been alternatively coupled to a
cascade ORC system: in the top cycle (5 kWel) circulates R123 with a maximum temperature
between 120 °C and 150 °C, while the bottom cycle (8 kWe) operates in cascade to the previous
one with R134a. In this experimental study, hermetic scroll compressors have been modified

to be used as expanders.
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4.2 Modelling of a small size ORC for low-grade heat sources

A new numerical steady-state model is developed for a small size ORC system powered by a
low-temperature (<120°C) water flow. The system configuration and the installed components
are inspired by the design of a commercially available machine which constitutes a valid
example of the current state-of-art in the design of ORC system for distributed generation from

low- to medium-temperature heat sources [165].

The modelled system adopts brazed plate heat exchangers as pre-heater/evaporator and
condenser. The OWF is circulated by a multi-stage pump that is composed of a motor and a
stack of impellers that force the working fluid in a given direction. The feed pump is driven by
a variable frequency drive. The model is aimed to evaluate the performance of small size ORCs
with a maximum electrical power output less than 10 kW, hence the choice of expander
technology must be restricted to volumetric devices. A twin-screw machine is chosen as
expander which could be a compressor working in reverse mode. As seen in the previous
Paragraph, twin-screw expander offers distinct advantages for small scale ORCs. The
advantages include a simple and compact design, low-speed operation with the ability to run
in a “wet” condition meaning that the refrigerant does not have to be completely vaporized to
handle heat input variations and significant part load capability. It is assumed that the expander
is directly coupled with an induction electric generator (asynchronous brushless construction),
thus, a gearbox is not necessary. The small size of the ORC system requires to adopt simple
configurations in order to maintain low initial investment, hence the use of an internal
regenerator has not been considered. The potential benefits of the conversion efficiency of
adopting a regenerative heat transfer are in fact quite modest in the case that R1233zd (E) is
used as OWF due to its quasi-isentropic upper saturation curve. Furthermore, in the case that
the heat is supplied through a solar collector, the absence of a regenerative exchanger leads to
a lower inlet temperature of the fluid in the collector and to a higher efficiency in the conversion

of the solar collectors as a consequence.

The block diagram of the ORC system considered in the model is shown in Figure 69. As with
traditional water vapor Rankine cycles, it involves the pressurization (1 - 2) of the fluid in

liquid phase through the use of a pump; subsequently, the pressurized fluid enters the
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evaporator in subcooled liquid state (state 2) where it is heated up to the saturation condition
(2 - 3) and evaporated inside the heat exchanger (3 - 3’) by the heat provided by the external
source. At this stage, the vapor may be subject to a slight superheating (3’ - 3”). From the
evaporator, the vapor is sent to an expander connected to an electric generator (3” - 4). The
expansion of the OWF provides the drive torque that allows the rotation of the shaft of the
generator, resulting in the generation of electrical power at its external terminals. When an
OWF with a quasi-isentropic upper saturation curve or with a positive slope is used, the low-
pressure vapor after the expansion process can be found in a superheated conditions. This
ensures the absence a liquid phase in the fluid at the end of the expansion process, without the
need of a superheating in the evaporator. The fluid exiting the expander before being directed
back to the pump is cooled (4 - 4’) and condensed (4’ - 1) into the second heat exchanger
(condenser) connected to the external heat sink, which can typically be the ambient air or a
cooling water stream when available. In the latter case, if the outlet temperature reached by the
cooling water is high enough, the extracted heat from the condenser can be delivered to a

possible thermal user.
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Figure 69 — Schematic of the typical configuration of an ORC system.

An example of the resulting thermodynamic transformations of the organic working fluid (in
the case R245fa) in the model ORC system is depicted in in the isentropic diagram of Figure
70. For modelling the ORC cycle, the thermodynamic properties of heating and cooling water,
as well as the properties of the OWF, are calculated using the properties implemented in the

Refprop 9.0 database [109].
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Figure 70 — Examples of the typical thermodynamic transformations involved for the OWF (R245fa) in the

model of the ORC represented in the isentropic diagram.

Several assumptions have been made for simplified the model of the ORC system. All the
components are modelled to work in stationary steady-state condition and are assumed
adiabatic to the surrounding. Pressure losses occurring in the heat exchanger are neglected as
well as in the pipes between the components of the ORC system. Therefore, the preheating,
evaporation, cooling and condensation are considered isobaric processes. In the literature, this
assumption is widely adopted in validated models of ORC, refrigerating and air conditioning
systems working with mass flow rates and thermophysical properties of the HFC fluids similar
to those considered in this model. Therefore, it is reasonable to consider contained pressure
losses. In the model, the mass flow rate of the OWF is regulated in order to maintain a constant
superheating at the outlet of the evaporator equal to 5 °C, independently from the operating
conditions of the system. Superheating of the fluid does not imply any substantial increment in
the conversion efficiency when fluids with dry or isentropic expansion are used [185]. This is
particularly true in the absence of regenerative exchangers [186]. Moreover, the superheating
involves heat transfer processes occurring with a fluid in the vapor phase, which is associated
to lower heat transfer coefficients, higher volumetric flow rates (due to low density) and

therefore higher pressure drops. However, superheating may facilitate to establish stable
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working conditions and therefore it can be used as flow control parameter. Furthermore, it can
prevent the unwanted presence of liquid drops in the suction section of the expander caused by
evaporation temperature fluctuations that may occur during dynamic working conditions [134].

The fluid leaving the condenser is assumed in a saturated liquid state.

During the simulation, the evaporation and the condensation temperatures are not imposed as
independent variables, but are the result of an iterative process that, starting with a first attempt
solution, brings the system to the convergence until the following energy balances in the heat
exchangers are satisfied:

TilOWFAiOWF = mWCp’W ATW Eq. 4.1

MowrAiowr = KypAug ATm,log Eq. 4.2

where the riowr and m,, are the mass flow rates of the OWF and water, respectively, diowr is
the enthalpy difference between inlet and outlet conditions of the OWF, AT, is the temperature
difference and ¢, is the specific heat at the mean temperature between inlet and outlet
conditions of the water flow in the heat exchanger characterize by a global heat transfer
coefficient Kyr referred to the heat transfer area Axe. The term AT, 106 in Eq. 4.2 refers to the
logarithmic mean temperature difference used to determine the temperature driving force for
heat transfer in the heat exchangers. The 47T y,10¢ 1s computed as the logarithmic average of the

temperature difference between the hot and cold feeds at each end of the exchanger:

(AT, — AT;)

log (2_%) Eq. 4.3

In order to reach the convergence for any considered operating conditions, it is necessary to

ATm,log =

adopt a subdivision of the total area of the evaporator, in preheating and evaporation section,
and of the condenser, in cooling and condensation section, that can vary from iteration to
iteration accordingly to the previous relationship; the converge is guaranteed by the adoption

of a bisection algorithm applied to the heat transfer area.

In addition to the isentropic pump efficiency, the superheating, the nominal built-in volumetric
expansion ratio, the evaporator and condenser geometries and the electromechanical efficiency,
an additional input to the model, is the control map of the mass flow rate OWF as function of

the heat source conditions, that are the inlet volumetric flow rate and temperature of the hot
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water. It has been assumed that the OWF flow rate increases linearly with the inlet hot water

flow rate and its temperature.

Through the developed model, an exergetic analysis of the ORC system can be carried out,
which provides indications of the performance of the system and of each individual component
adopted according to the second principle of the thermodynamics. The exergetic analysis may
be in fact a more appropriate mean for the assessment of the efficiency of small ORC systems
working with low-grade heat source with respect to the limits imposed by the Carnot’s
efficiency. Furthermore, the exergetic losses and the fraction of exergy destruction compared
with respect to the global exergetic inefficiency of the ORC system can be computed for each
component. Quantifying the inefficiencies of the processes taking place in the system
components is useful to understand which components present the higher potential to increase

the overall efficiency of the system through some modifications.

The model is implemented in Matlab® and is formed by four interconnected blocks representing
the four components (pump, evaporator, expander-generator and condenser). of the system.
The outputs of the model are the net electrical power generated by the ORC system, the thermal
profiles of the OWF and the hot and cooling water streams, the thermal and exergetic

performance of the system and of each involved component.
4.2.1 Model description

The evaporator and the condenser are copper-brazed corrugated stainless steel plate exchangers
whose geometric parameters, such as such as thicknesses, distance and size of the plates and
corrugation geometry, are typical of commercial models available on the market. The two
fluids (water and OWF) are assumed to be in counterflow. From a modelling point of view,
both exchangers are divided into two distinct sections, for the liquid heating, vapor cooling and
the heat transfer processes during phase change (evaporation and condensation). Since the heat
transfer processes are regulated by very different mechanisms, different correlations for the

preheating and evaporation phases, and for the cooling and condensing phases are considered.

In the first section of the evaporator, where the heating of the pressurized OWF until its

saturation condition is reached, both hot water and OWF evolve in single-phase regime. The
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heat transfer coefficient of the OWF in this first section is calculated with the correlation of

Martin [187], whose formulation to obtain the number of Nusselt Nu is reported below:

1/6

AT
Nu = 0.122 Pri/3 (M> (Y Re? sin?(2 )" Fa.44
Urmia(Twan)

where tmia(Thuia) and pyia(Twan) represent respectively the fluid viscosities evaluated at the
bulk fluid and wall temperatures,  is the friction factor evaluated according to Martin [187]
and ¢ 1is the inclination angle of corrugation on the plate. The properties of the fluids are
calculated at the corresponding mean temperature in the heating section of the evaporator. By
defining the number of Nusselt it is possible to calculate the convective heat transfer coefficient
by approximating the hydraulic diameter by two times the width of the passage channel

between the plates.

In the second section of the evaporator, where the OWF is vaporized and superheated by
cooling the hot water stream, the heat transfer coefficient describing the heat transfer processes
of the OWF is evaluated with the correlations of Amalfi et al. [188,189] depending on the

number of Boiling number Bd:

(982 ¢*1'101We0'315300'32° ,0*_0'224 Bd < 4
" 118.495 7078 ReQ135, ReQ35L, BdO235B001% p*=0223 B4 > 4 Eq. 4.5

In previous equations, ¢ is the ratio between the value of the actual corrugation angle of the
plate and the maximum admissible value of 70° ("Chevron angle reduced" in [188,189]), We
is the homogeneous Weber number, pis the density ratio between liquid and vapor phase and
Reowr,c and Reowr,1, are respectively the Reynolds numbers calculated in the case of vapor and
liquid only flow, finally, Bo is the number of Bonds. The thermophysical properties of the
OWEF are calculated at the saturation temperature associated with the evaporating pressure and

for a vapor quality equal to 0.5.

As the OWF heating liquid section, also in the evaporation/superheating section, the hot water
flows in a single-phase cooling and Martin's correlation can be used to compute the water side
heat transfer coefficient. Once the conditions of the OWF exiting the evaporator are evaluated,
also the inlet expander conditions are known due to the assumption of isobar and adiabatic flow

of the OWF in the connection pipes between the components of the ORC system.
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In the model of the condenser model, the cooling process of the superheated vapor down to its
saturation temperature and the following condensation of the saturated vapor is modelled
separately. The cooling water undergoes a heating process without phase change through its
entire flow across the condenser, hence the correlation of Martin [187] can be used to calculate
the convective heat transfer coefficient. Assuming that the wall temperature of the plate surface
in contact with the OWF is always lower than the saturation temperature, the superheated vapor
starts to condense already in the first sections of the condenser, where, simultaneously, its
cooling down to the saturation temperature occurs. The process of vapor cooling is therefore
not completely separate from the process of condensation. Hence, it is possible to define a
single heat transfer coefficient, which accounts for both cooling and condensation processes,
through the correlations proposed by Longo et al. [190]. In their formulation, it is assumed that
gravity forces are dominant over the forces of inertia for the values of equivalent Reynolds
number Ree, lower than 1600. Under these conditions, the authors adapted the original Nusselt
expression valid for gravity controlled laminar film condensation on vertical smooth surface,
to estimate the average heat transfer coefficient /conasar referred to the projected area of the

corrugated plate:

.\ 1/4
k3 2 i
owF,L Powr.L 9 lLv Eq 46

“OWFL AT Lcond

hcond,sat = ¢ <O-943<

where, ¢ is an enlargement factor (equal to the ratio between the actual area and the projected
area of the plates) and &z, p1, and z4 are the thermal conductivity, the density and the dynamic
viscosity of condensate OWF, i.y is the specific enthalpy of condensation, g is the gravity
acceleration, A7 is the difference between saturation and wall temperature and Lcona 1s the

vertical length of the surface.

When the condensation occurs in forced convection conditions (equivalent Reynolds number
Re.q greater than 1600), the average heat transfer coefficient /iconasa: referred to the projected

area of the corrugated plate is given by the following correlation [190]:

k
heonasat = @ (1-875 (%) Reer'MS PrOWF,L1/3> Eq. 4.7
,eq
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In the model by Longo et al. [190], the previous correlations (Eq. 4.6 and Eq. 4.7) are coupled
to the model developed by Webb [191] to account for the simultaneous transfer of sensible and

latent heat in the forced convection condensation process:

hcond,sh = hcond,sat + FLongo hconv,sh

_ Tsn — Tsat Qiat Eq. 4.8
- hcond,sat + T T hconv,sh + Cp,OWF,G .
wall — ‘sat liy

where hconv,sh 18 the single-phase convective heat transfer coefficient for outflow between
superheated vapor and the condensate interface, c,owr,c is the specific heat of the superheated
vapor and g is the heat flux due only to phase change. The properties of the condensing OWF
are calculated at the saturation temperature and for an average vapor quality between inlet and

outlet which corresponds to a value of 0.5.

For both heat transfer processes in the evaporator and condenser, the conduction through the
plate has been neglected. In fact, the conductive thermal resistance of the plate results much
lower than the thermal resistance on the water and the organic fluid side of the heat exchanger.
Moreover, it is assumed the absence of fouling on the plate surfaces. Hence, the global heat
transfer coefficient of this components is computed by the equation (Eq. 4.9), where the 4, and
howr are the heat transfer coefficients for water and OWF, respectively

-1

K _<1+ 1) Eq. 4.9
7y howe "

The expander implemented in the model is a screw expander, despite the fact that the machines
currently available in the market work with electrical output between 20 kW, and 1 MW, and
mass flow rate ranging from 25 L s and 1100 L s, which are higher than those considered
here. Nevertheless, this choice is justified by the fact that this technology shows a higher
technological maturity level than large scroll expanders that should be better suited for the
considered application [152]. Furthermore, as highlighted in the previous Paragraph, screw
expanders offer a greater operational flexibility to partial load that allows them to operate
without significant penalty in terms of efficiency in a wide range of temperature and flow rate
supplied by the hot water source. In addition, screw expanders present higher volumetric built-

in ratios 7, than those available for scroll expanders which allow them to be suited for
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applications presenting higher pressure difference, such the one considered here. In this way,
it is possible to operate with high single-stage expansion efficiency even in the presence of
significant pressure ratio. Therefore, it is acceptable to consider that the current expansion
efficiency of screw machines may be a reference also for other competing technologies. Albeit
at the diminishing the size of screw devices, the expansion process is affected by higher leakage
and consequently, it is necessary to increase the rotational speeds or adopt lubricating oil mixed
with the working fluid. However, in the future, thanks to technological advances, above all, the
decrease in the characteristic tolerances in the production of the screws, it is likely that screw
devices expand their applicability range even to smaller sizes, becoming the reference

technology.

The lack of experimental data in literature, where only the minority regards screw machines
designed for expansion purposes, the strong variability of the analysed devices, the strong
dependencies of the efficiency from the size of the device, the processed working fluid and
thermodynamic parameters considered, constitute limits to the formulation of general semi-
empirical correlation for the predict of the performance of screw expander. One of the few
semi-empirical models of the screw expander was developed by Ng et al. [192,193] and it was
recently implemented in the work of Bamgbopa and Uzgoren [194] on a quasi-dynamic model
for a small ORC similar to the one considered in this work. This model considers that the
expansion of the superheated vapor superheated deviates from the ideal isentropic process due
to mismatch of the pressure of the exhaust fluid and the backpressure of the condenser, which
causes unwanted blowdown or blowback effects. The empirical model of Ng et al. [193] is very
dated (1988) and does not consider the significant technological improvements obtained for
the screw expander; therefore, its predictions of the expansion performance, gives limited
isentropic efficiency, surely smaller than what can be achieved today in the machines available
on the market. The model of Ng et al. is, however, one of the few semi-empirical models of
screw expander available in literature that does not require a detailed knowledge of geometry
of the expander (dimensions, tolerances, and other specific geometry of the machine) for which
usually no information is available, but it is based on a limited number of physically meaningful
parameters of the expansion process. For this reason, this semi-empirical formulation was

adopted to model the screw expander in the ORC system considered here. In their work, Ng et



Numerical investigation on a small scale solar-powered Organic Rankine Cycle 179

al. [193] consider that the phenomena of blowdown or blowback affecting the expansion
process, deviate the isentropic expansion to a process called "pseudo-polytrophic"
characterized by an expansion index k,, evaluated according to the built-in volumetric ratio
and of pressure ratio of the expansion given by the following expression:

r,("W —n

k Eq. 4.10

A

where n,, is the pseudo-polytrophic expansion index and is calculated accordingly to the

following correlation:

1 1 1
_ n + ] Eq. 4.11
"p <a1 log(r,) U log(r;,)? 3 log(rv)3> 08 ™p 1

This model allows considering the major losses involved in the expansion process (non-
adiabatic process, leakage, fluid dynamic attrition, and local pressure losses in the suction and
discharge). The terms a;, a2 and a3 are empirical values defined by Ng ef al. [192] on the basis
of experimental tests performed on a device (compressor) produced by Mycom [195]. This
correlation originates from the comparison of the expansion power obtained from experimental
tests with the values that could be obtained by performing an ideal isentropic expansion under
the same condition of the test. For this reason, the overall isentropic efficiency calculated

according to this model includes also the volumetric performance of the machine.

According to the proposed correlation, the specific work Wey, of the pseudo-polytrophic
process is to be a function of the values of p.., and density in the suction conditions, of the
nominal built-in volumetric ratio », and the pressure ratio 7, available between evaporating and

condensing conditions, as well as of the index k previously defined in Eq. 4.10.

Pexp,suc &%
M/exp = — kpp - — Eq. 4.12
Pexp,suc £

Figure 71 shows the overall isentropic efficiency of the expander as a function of the pressure
ratio for different values of the built-in volumetric ratio. These results were reported directly

from a subsequent publication of Ng et al. [192].
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Figure 71 — Overall isentropic efficiency of a screw expander as a function of the pressure ratio for different

values of the built-in volumetric ratio according to the model of Ng et al. [192].

The electrical machine for electrical power production connected to the expander considered
in the model is an induction generator. This machine differs from synchronous generators or
alternators which have standalone terminal voltage when they rotate and require
synchronization before being placed on-grid. An induction generator is asynchronous in
operation and does not require synchronization to the electrical power grid. Voltage regulation
and frequency regulation are provided from the existing connection to the power grid. Because
induction generators are not self-excited and have no magnetization or terminal voltage prior
to coming on-grid, synchronization is rendered meaningless. Electrical and mechanical
transmission efficiency of the expansion-generation block are combined in one single

parameter assumed equal to 0.9.

The model of the pump is simplified by assuming a constant value of the electrical and
isentropic efficiencies of independently from the operating conditions. In the literature, this
assumption is often adopted [196,197]. The evaluation of the electrical pumping consumption

is based the pressure drop through the circuit:
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Apror 1
Porv nis,pnel

Pporc = Mogy

Eq. 4.13

Typical values for the isentropic efficiency of the pump are comprised between 0.6 and 0.8
Although this assumption is not always reasonable from a physical point of view, it should be
noted that the energy consumption occurring in the pumping phase is far smaller than the
energy converted in the expansion process. Therefore, assuming a constant isentropic
efficiency of the pump does not affect significantly the overall system performance, nor in

terms of generated net electrical power, or conversion efficiency.

The most common parameter to qualify the conversion performance of an ORC system is the
conversion efficiency. This parameter is defined as the ratio between the heat flow rate
provided by the heat source ¢;,» and the net electrical power output P.; of the ORC system.
Norc = @ Eq. 4.14
Qin

The exergetic efficiencies of the different components and the associated destruction of exergy
as well as the exergetic irreversibility percentage with respect to global loss of exergy of the
system can be computed by the model. The exergetic efficiency 7., of each component can be
calculated according to the definition of Eq. 4.15 where the definition of the Fuel (input)
exergetic flux Er and the Product (useful output) exergetic flux £p depend on the processes
involved in the considered component:

Ep

== Eq. 4.15
Er

T]ex

Once the Fuel exergetic flux Er and the Product exergetic flux Ep are identified, the exergetic
irreversibility in term of the destruction of exergy flux Ep that occurs in each component can

be evaluated by the Eq. 4.16:

ED =EF_EP =EP(1_TI€X) Eq 4.16

By adding all the destructions of exergy flux occurring in the components of the system, it is
possible to obtain total irreversibility term of the system and calculate the percentage of total

exergy destruction that occurs in each component.
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The exergetic efficiency of the evaporator, the condenser, the expander, the electrical generator

and the pump were calculated respectively with the equation from Eq. 4.17 to Eq. 4.21:

_ Mowr (€3 — €3)
Nex,ev = Eq. 4.17
mw,h(ew,h,in - ew,h,out)

mw,c (ew,c,out - ew,c,in)
Mowr(es — e1)

Nex,cond = Eq. 4.18

_ Mowr (€37 — €4)
Nex,exp = _ Eq. 4.19
mOWF(es” e4,is)

n = Feu Eq. 4.20
ex,gen — q. 4.
g Mowr (€3 — e4)
_ mowr(€; — e1)
Nex,pump = Eq. 4.21

mOWF(eZ,is - 31)

In the previous equation, the numerical subscripts for the specific exergy e of the OWF are
taken according to the thermodynamic state identified in Figure 70, whereas the subscripts for

the hot water and cooling water refers to their inlet and outlet conditions.

In the simulation presented in Paragraph 4.3, the heat source of the ORC unit is provided by
concentrating solar collectors. To evaluate the exergetic performance of a solar collector it is
necessary to identify how much work can be extracted from solar radiation. The exergetic
potential of thermal radiation is still a discussed subject of study. According to the theory of
Jeter [198], the thermal conversion of the solar radiation it is considered that the reference
temperature at which the solar radiation temperature available is the apparent black body
surface temperature surface temperature of the Sun Ts., (5777 K) and therefore the radiant

exergetic flux is defined according to the following expression:

. Tamb,ref
Esoijetery = DNI Agp Njeter = DNI Agy (1 - T> Eq. 4.22
un

where Ts., is the of the Sun, Tum,rris the reference ambient temperature considered in the
exergetic analysis. It can be argued, that the formulation of Jefer expressed the maximum work
that can be extracted from a thermal device that operates between the apparent temperature of

the Sun and that of the reference ambient conditions and it does not take into account the
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necessary radiative absorbing process that occurs neither with a unitary absorbance nor a null
emittance. At least two other different alternative approaches can be considered mainly
depending on the different system considered to collect and convert the thermal radiation, The

first alternative to Eq. 4.22, was presented by Spanner [199]:

. 4T b’ f
Esol(Spanner) = DNI Aap Nspanner = DNI Aap (1 - § a;; = ) Eq. 4.23
un

and the second alternative is due to Petela [200]:

. 1 Tamb,ref * 4‘Tamb,ref
Esol(Petela) = DNI Aap Npeteta = DNI Aap 1+ § T - gT Eq. 4.24
un un

This last expression (Eq. 4.24) is obtained by assuming to match a Carnot's ideal thermal
machine to an absorber surface and not directly to the Sun, as it was with Jeter’s theory. It is
interesting to see that by considering a 7’s., much higher than T, s, the second term in the
parenthesis of Eq. 4.24 tends to zero and the Petela’s expression coincides with one presented
by Spanner. Bejan [201] provided a deep discussion on this argument. In his work, it has been
shown that all these theories are correct and each occupies a well-deserved place in the
theoretical domain. It is reported that what makes each theoretical result different is what is the
considered “investment” made to extract work from the solar radiation and what is the

appropriate state to refer the complete exploitation of the radiation.

In accordance with what 4/-Sulaiman has already assumed in his exergetic analysis of a CSP
systems [2], the approach presented by Petela [200] seems to be more suitable to evaluate the
exergetic flux associated with the incident solar radiation on the aperture area of a

concentrating collector, hence it can be computed in the model of a solar-powered ORC system.
4.2.2 Numerical model validation

The numerical model developed and described above has been used to simulate the
performance of a small commercial ORC system using R245fa as OWF, the ElectraTherm®
4400+ Power Generator machine [165]. The POE oil used for lubrication is contained in the
working fluid as part of ElectraTherm’s proprietary in-process lubrication. Due to the low

amount of oil present in the OWF, it is expected that it does not affect significantly the
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thermophysical properties of the fluid and the processes occurring in the machine. Figure 72
shows the characteristic curves of this ORC unit where the generated power is plotted against
the hot volumetric flow rate for different values of the inlet temperature. Curves are represented

for a constant volumetric flow rate and temperature of the cooling water, respectively equal to

13.9Ls'and 21 °C.
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Figure 72 — Characteristic curves of the ElectraTherm® 4400+ Power Generator ORC as a function of the
hot volumetric flow rate and for different values of the inlet temperature. The curves refer to a cooling water

stream of 13.9 L s at of 21°C (0% Propylene Glycol) [165].

Based on data published in the datasheet of the machine, the ElectraTherm® Power Generator
4400+ is capable to generate a variable electrical power of between 12 kW and 65 kW for an
input thermal input included between 400 kW and 680 kW when it is powered by a volumetric
flow rate of hot water between 3.2 L s and 12.6 L s”! at a temperature between 77 °C and 116
°C. From Figure 72, the characteristics curves of the machine are extrapolated by the adopting
a polynomial interpolation with a second polynomial degree. In fact, it is reasonable to assume
that there are no points of discontinuity and that those reported in the graph of Figure 72 are
due to representation by means of linear functions starting from three operating points for each
hot water inlet temperature. The heat exchangers inside this machine are designed to be used

with water. When glycols are used with water, it is recommended that the percentage of glycol
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to water does not exceed 40-50%, as the heat transfer decreases with increased percentages of
glycol. The installed expansion device is a patented twin-screw expander and a multi-stage
pump driven by a variable frequency drive. Since no other information about the
ElectraTherm® Power Generator 4400+ unit is available, to simulate its performance, some
assumption on the geometry, size and operative parameters of the modelled components have

to be made.

The dimensions of the heat exchangers, in particular, their cross-sectional area of passage, are
chosen so that the specific mass flow rates are below 40 kg m s™! which are typical values for
systems working with halogenated fluids. The thickness of the adopted plates is 3 mm and the
angle of inclination of the corrugations is 45° for both heat exchangers. The heat transfer
surfaces are sized of to ensure an efficient thermal coupling between the OWF and the cooling
and heating water. Once the geometry of the single plate is chosen, from the total heat transfer
area of the two exchangers can be determined the respective number of plates. This value is
generally adopted to reach the best compromise between reduced pressure drop and high
thermal performance. The heat transfer of the evaporator adopted in the model is around 69.5
m? and it is composed of 147 plates with a heat transfer area of 0.42 x 1.14 m? each, with a
typical value of the shape ratio about 2.5. The first reported dimension refers to the width of
the plate while the second is the longitudinal length. The condenser consists of 162 plates with
an area of 0.38 x 1.04 m?, resulting in a total heat transfer area equal to 63.2 m?. During the
simulations, due to the specific mass flow rates imposed in the condenser, the equivalent
Reynolds number Re., is always greater than 1600 and the condensation results always
dominated by the inertia forces (Eq. 4.7). The value of the constant isentropic efficiency of the
pump is set to 0.75. Finally, built-in volumetric ratio of the expander is set to of 3.5, which is
a typical value for the available screw expander on the market [152] and implies a small size
of the machine, with low its cost as consequence, maximizes the performance of the device in
the mean condition of the in the simulated operational range and therefore, ensures an efficient
performance of the device through the different operating condition. On the other hand, it
implies that the maximum expander efficiency is not available at the highest evaporation

temperature and pressure ratio 7.
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The generated electric power obtained from the simulations of this commercial ORC unit with

the developed model is shown in Figure 73.
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Figure 73 — Comparison between predicted (continuous line) and extrapolated (dashed line) characteristic
curves for the ElectraTherm® 4400+ Power Generator [165). The curves refer to a cooling water stream of

13.9 Ls!atof21°C

In this Figure, although the predicted values of the electrical power (continuous line) result
lower than the curves extrapolated from the manufacturer's datasheet (dashed lines) for almost
throughout the entire range of operating conditions, the simulations follow quite well the trend
of the original curves. From a comparison between the predicted electrical power and the those
declared by the manufacturer, the average value of the relative percentage prediction error of
the model results lower than 12%. The relative error trend is very sensitive to the variation of
hot water inlet temperature: the minimum relative percentage error (lower than 1%) is obtained
for the minimum water temperature warm (77 °C) however the percentage error reaches its
maximum, equal to 22%, for maximum hot water temperature (116 ° C) at maximum flow rate.
Furthermore, it can be noted that the relative error is poorly influenced by flow rates, in fact,
as the flow rate varies the relative error value variation s within 6% for each temperature value
studied. A probable cause of the difference between the model prediction and actual
performance of the machine can be the low expansion efficiency resulting from the application
of the Ng et al. model which do not takes account of the technological improvement obtained.

This expander model displays a particularly low nominal isentropic efficiency, between 53%
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and 54% for the nominal built-in ratio. In the scientific literature, among other authors, Lemort
et al. [152] and Leibowitz et al. [163] report current screw expander may present isentropic
efficiency even higher than 70%. Figure 74 provides the isentropic efficiency curves obtained

from the application of the Ng et al. model during the simulations.
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Figure 74 — Simulated isentropic efficiency of the expander as a function of the pressure ratio.

It can be observed that the efficiency increase quite rapidly for low pressure ratios r,, reaches
it maximum at the optimum pressure ratio and decreases more smoothly down to 46% for the
highest pressure ratio obtained during the simulations, associated with the highest value of the
evaporation temperature. The device designed by ElectraTherm® is most likely to exhibit a
higher efficiency throughout the operational range than that predicted by the model; this aspect
strongly affects the numerical results and constitutes the major source of discrepancy between
simulated and declared performance by the manufacturer. In particular, the low value of the
isentropic efficiency obtained at the maximum loads justifies the significant difference in
predictions of generated electrical power (22%). Unfortunately, given the technological
innovation, the manufacturer did not make any technical (e.g. built.in volumetric ratio) nor
experimental (e.g. isentropic expansion efficiency curve) data available. An interesting field of
research would be the recalibration of the correlation used [192] in the search for experimental
constants updated to the currently available devices, or the development of a new model that

reconsiders the decisive influence parameters for the performance of screw devices
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(highlighted in literature by the use of CFD methods) providing an instrument of greater
interest in modelling ORC systems which use screw expander. Other differences between the
simulated and the characteristic curves declared by the manufacturer may derive from the
assumptions made on the geometry and the fluid flow conditions in the heat exchangers or from
the different logic adopted to define the control map for the flow rate of the OWF. The
manufacturer does not provide any detail about this aspect. Since no information about
component features adopted by the ElectraTherm® Power4400 + Power Generator unit was
available or on the adopted control logic the adoption of different modelling assumption on its

components would result equally arbitrary.
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4.3 Simulations of solar-powered ORC systems

The numerical model of the concentrating solar collector with a bar-and-plate flat receiver,
presented in Paragraph 3.4, is integrated into the developed model of the ORC system, in order
to simulate the performance of small solar-powered ORC systems with an electrical output
lower than 5 kWe. Two configurations of the system have been considered: in the first
configuration an intermediate solar circuit is used to heat pressurized water and evaporate the
OWEF in a separated heat exchanger (Figure 66); in the second system configuration, the OWF
is vaporized directly in the concentrating solar collector field which coincides with the

evaporator (Figure 68).

As seen in the Paragraph 5.1.1, the fluid R245fa has been considered by many authors the best
choice for the exploitation of low-grade heat source. However, given the existence of
alternative fluids that exhibit similar properties and thus similar thermodynamic performances

and costs plant, the use of R1233zd(E) as OWF was preferred due to its low GWP.

In order to provide the sufficient thermal input, the solar collector field is composed of six
parallel loops. Each loop presents a solar collector with the same dimensions of the
asymmetrical solar collector tested during the experimental campaign but with a trough length
increased to 6 m. This choice derives from the compromise between avoiding phenomena of
non-uniform distribution of the flow between the loops in parallel and the containment of the
pressure drop. The total aperture area of the solar collector field results equal to 105 m? and
when it is subjected to a normal incident radiation of 1000 W m™ can provide 81 kW. During
the simulations, the solar input (DNI) varies between 450 W m™ and 1000 W m™2, which can
be considered the maximum DNI available in Padua on a clear-sky day. The heat sink is
provided by a cooling water flow with a constant inlet temperature of 21°C and a flow rate of

1.36 Ls™.

The cross-sectional area of passage in the heat exchangers is chosen so that the specific mass
flow rates are below 40 kg m s”'. The thickness of the adopted plates is 3 mm and the angle
of inclination of the corrugations is 45° for both heat exchangers. The heat transfer of the

evaporator adopted in the first configuration is 4.3 m? and it is composed of 22 plates with a
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heat transfer area of 0.29 x 0.74 m? each. The condenser consists of 15 plates with an area of
0.45 x 1.13 m?, resulting in a total heat transfer area equal to 6.6 m2. These heat transfer surfaces
are sized to ensure an efficient thermal coupling between the OWF and the cooling and heating
water. Finally, the value of the isentropic efficiency of the pump is set to 0.75 and the built-in

volumetric ratio of the expander is 3.5.

Trough this model is possible to evaluate the thermal performance of the solar collector field,
the electrical output and the electrical and exergetic efficiencies of the ORC unit and of the
solar-powered ORC system (ORC + solar collectors). In the exergetic analysis, the ambient
reference temperature is set equal to the inlet temperature cooling water in the condenser (21 °©

C) and the ambient reference pressure is equal to 1 bar.

4.3.1 Simulation results of a solar-powered ORC system with intermediate

heat transfer loop

The performance of a solar-powered ORC system has been evaluated with an indirect
vaporization of the OWF. During the simulations, a water stream with a design pressure of 3
bar flows in the solar circuit with a volumetric flow rate variable between 0.3 L's! and 1.25 L
s in order to obtain outlet temperature between 77 °C and 116 °C depending on the solar input.
The mass flow rate of the OWF is adjusted in order to adapt the thermodynamic cycle, i.e.
evaporation and condensation temperature, to the conditions of the heat source, that is the inlet
temperature and mass flow rate in the evaporator. The flow of the OWF is adjusted accordingly
to the control logic implemented in the code of the model, which tunes the OWF mass flow
rate as a function of the hot water supply conditions (flow rate and temperature). As shown in
Figure 75, in the simulations the mass flow rate of the halogenated fluid varies between 0.17

kg s'and 0.35 kg s
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Figure 75 — OWF mass flow rate control map implemented in the model of the solar-powered ORC system

with intermediate heat transfer loop.
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Figure 76 — Temperature profiles and heat flow rates transferred between the halogenated fluid and the

water streams in the T- i Ai diagram (i, = 0.82 kg s7'; Ty = 110 °C; DNI = 882 W m?).
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Once the DNI and the mass flow rate in the solar circuit are set, the thermal profiles of the three
fluids involved result uniquely determined. An example (7, = 0.82 kg s\ Ty nm= 110 °C;
DNI = 882 W m™) of the temperature profiles of the fluid flows in reported in the 7- riidi
diagram depicted in Figure 76.

The net electrical output of the ORC unit is calculated by subtracting the electrical consumption
of the pumps in the solar and ORC circuits, Pp,soiar and Py, orc respectively, from the electrical

power generated by the electrical generator Pgen orc:

P, = Pgen,ORC - (Pp,solar + Pp,ORC)

. . . Apsolar 1 1 Eq. 4.25
- mOWFAlexp,is Nis,exp Net — | Mw,n

AN
pw,h 77is,p Net nis,p Nel

where Aie.p is and Aipis are the enthalpy difference in the isentropic expansion and pumping
processes, respectively. In Figure 77 the net electrical power output obtained from the
simulation is plotted as a function of the DNI for different values of the collector outlet water
temperature
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Figure 77 — Net electrical power generated by the solar-powered ORC system with intermediate heat transfer

loop as a function of the DNI for different values of the collector outlet water temperature.

As the DNI increases, the mass flow rate of the water in the solar circuit is increased in order

to provide a linear increment in net electrical power output. For each value of DNI, it is possible



Numerical investigation on a small scale solar-powered Organic Rankine Cycle 193

to define the combination of mass flow rate and collector outlet temperature of the pressurized

water, and therefore of the halogenated fluid, that maximize the electrical output

In Figure 78, the net electrical output power is plotted against the water mass flow rate for
different values of the inlet evaporator temperature (coincident with the outlet collector
temperature). In this Figure, it can be observed that the electrical power increases from 1 kWe
up to 4.5 kWe with temperature and mass flow rate of water. Each curve refers to a different
value of the inlet evaporator temperature of the water and shows an asymptotic trend. This
trend is the result of the simultaneous evolution of evaporation and condensation temperatures
which determine the enthalpy drop available for the expansion, influence the isentropic

expansion efficiency and the pumping consumption in the solar circuit.
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Figure 78 — Net electrical power generated by the solar-powered ORC system with intermediate heat transfer
loop as a function of the volumetric mass flow rate and for different values of the collector outlet water

temperature.

Since the inlet temperature and the flow rate of the cooling fluid in the simulations are constant,
the variations in the OWF condensation temperature are due essentially to the variation in the
mass flow rate of OWF. As shown in Figure 79 — a, the condensation temperature, increases
from 29 °C to 37°C with water flow rate in the solar circuits and its outlet temperature, because
of implemented control map for the OWF flow rate. Moreover, the outlet temperature of the
water in the collectors leads to an increment of the heat flow rate that must be dissipated in the

condenser, thus, a higher temperature decrease of the cooling water is required for the latter.



Numerical investigation on a small scale solar-powered Organic Rankine Cycle

194

The increase of the condensation temperature, however, is modest because the higher OWF

flow rate increases the heat transfer coefficients, improving the thermal coupling of the OWF

and the cooling water as a consequence.
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Figure 79 — OWF condensation (a) and evaporation (b) temperatures in the solar-powered ORC system with

intermediate heat transfer loop as a function of the volumetric mass flow rate and for different values of the

collector outlet water temperature.

The OWF evaporation temperature is strongly influenced by the temperature of the heat source

and increases with it, as can be seen in Figure 79 — b. The evaporation temperature varies

between 50 °C and 105 °C. Besides the influence of the hot water temperature in the evaporator,
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the evaporation temperature increases with water flow rate in the solar circuits and therefore
with the OWF flow rate due to the increased convective heat transfer coefficients obtained in
the evaporator. At the same increase in the hot water flow rate, the evaporation temperature

increase results higher than that obtained for the condensation temperature.
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Figure 80 — Isentropic expansion efficiency (a) and pressure ratio (b) of the expander in the solar-powered
ORC system with intermediate heat transfer loop as a function of the volumetric mass flow rate and for

different values of the collector outlet water temperature.

If it the expander could work at constant isentropic expansion efficiency, an increase of the hot

water flow rate would result in an increase of the generated electrical power. However, the
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isentropic expansion efficiency given by the adopted expander model [192] displays a different
trend as can be seen in Figure 80 — a. The isentropic efficiency reaches its maximum, around
54%, for different values of the water inlet temperature in the evaporator by adjusting its flow
rate. In fact, due to the trends of the saturation temperatures illustrated above, the increase in
the OWF flow rate leads to a larger isentropic enthalpy difference at the expander. for the
temperatures and flow rates considered and the resulting pressure ratio at the expander varies
between 2 and 6 as shown in Figure 80 — b. In particular, the curves associated with the water
inlet temperature in the collector field from 77 © C to 99 ° C show a non-monotonous trend
with a rapid initial increase up to the maximum value followed by a decrease with a lower
inclination to increase the water flow. The curves included between the isotherm at 104 °C and
116 °C instead present a monotonous decreasing trend with a higher slope for low values of
the hot water flow rate. This is due to the progressive increase in the operating pressure ratio
in the expander that drives the device to work at higher than its optimum value, between 2.5

and 3, as can be seen in Figure 81.
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Figure 81 — Isentropic expansion efficiency of the expander in the solar-powered ORC system with
intermediate heat transfer loop as a function of the pressure ratio and for different values of the collector

outlet water temperature.

With respect to the considered solar-powered ORC system, the supplied heat flow rate provided
by the heat source gix is the heat flow rate gained by the OWF during the heat transfer process

occurring in the evaporator. In the simulation, under the assumption that the ORC is adiabatic
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to the environment, this heat flow rate coincides with the heat collected by the water stream in

the solar collector field:

qin = Mowr AiOWF,ev =My Cp,w,hATcol,w,h Eq. 4.26

where Adiowr v 1s the enthalpy difference between inlet and outlet conditions of the OWF in the
evaporator, cp,w,x 1s the specific heat of the water at its average temperature in the collector and
ATcouwn s its temperature difference. During the simulations, g;, varies between 37 kW and 81
kW accordingly to the variation of normal incident radiation between 450 W m™ and 1000 W

Il’l_2 .

Figure 82 reports the conversion efficiency of the ORC unit (Eq. 4.14) for different values of
the collector outlet water temperature when its volumetric flow rate is varied in the simulated

range.
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Figure 82 — Conversion efficiency ORC unit in the solar-powered ORC system with intermediate heat
transfer loop as a function of the volumetric mass flow rate and for different values of the collector outlet

water temperature.

The simulations show that the ORC unit works with an efficiency ranging from 2.7% to 5.7%.
These values are in line with the results found the literature on the potentiality of electrical
generation through ORC system powered by solar collectors working at low-temperature. Each
efficiency curve lies above the curve obtained for a lower temperature of the water in the solar

collector. The higher performance is obtained at the higher inlet water temperatures in the
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evaporator which imply the higher evaporation temperature of the OWF. Due to the decrease
of the isentropic efficiency of expansion and the increase of pumping power that reduce the net
electrical output (Eq. 4.25), the conversion efficiency of the ORC does not show an increasing
asymptotic trend as the water flow rate in the solar circuit increases, although the consequent
increase in the evaporation temperature. At low values of water mass flow rate, despite the high
isentropic efficiency of the expander, convection in the heat exchangers limit the efficiency of
the heat transfer processes. The decrease of the isentropic expansion efficiency becomes more
relevant on the performance of the ORC unit as the flow rate of the water in the solar collectors

Increases.

The effects of the solar input (DNI) on the conversion efficiency of the ORC unit is reported
in the graph of Figure 83. Here, it can be observed that each is isotemperature efficiency curve
increases with the at the DNI, in particular at low values of DNI (lower than 700 W m) where
the simultaneous increase of thermal input and the isentropic efficiency of expansion entails a
stronger increase of the generated electrical power. For high values of DNI instead, the decline
in the isentropic yield of expansion and the augmented solar circuit pumping consumption
attenuate the increase of net power generated, although the increase in thermal input. The
combination of these effects reflects into the asymptotic the of the conversion performance of
the ORC unit. For each considered DNI range, it is possible to determine the mass flow rate a
and outlet temperature of the water flowing in the solar collector field that maximize the

conversion efficiency of the ORC unit.

The conversion efficiency of the ORC unit does not take into account the performance
conversion of the solar radiation in heat occurring in the collector field. The conversion
efficiency of the collectors can be evaluated according to Eq. 3.1. In the simulations, the high
specific flow rates of the water considered in the solar circuit allow maintaining the receiver
temperature only slightly higher the temperature of the water, limiting in this way the thermal
losses. Therefore, in the simulation the considered concentrating solar collector is capable to

operate with high efficiency between 76% and 78%.

The overall conversion efficiency of the solar-powered ORC system can be calculated as the
product of the solar collector efficiency (Eq. 3.1) and the overall conversion efficiency of the

ORC unit (Eq. 4.14):
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Nsotar-orc = Morc Neol Eq. 4.27

The overall conversion efficiency of the solar-powered ORC during the simulations varies
between 2.1% and 4.4% with a trend that reflects the combined performance of the solar

collector and the ORC system as can be seen in Figure 84.
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Figure 83 — Conversion efficiency of the ORC unit in the solar-powered ORC system with intermediate heat
transfer loop as a function of the solar input (DNI) for different values of the collector outlet water

temperature.
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Figure 84 — Overall conversion efficiency of the solar-powered ORC system with intermediate heat transfer

loop as a function of the solar input (DNI) for different values of the collector outlet water temperature.
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It worth to mention, that the efficiency of the system can be considerably increased in a
cogeneration configuration, where the heat transferred to the condenser is delivered to a
thermal user instead of being dispersed by the cooling water. In the considered configuration,
due to the chosen cooling water flow rate, this water stream reaches a maximum temperature
only about 35 °C, which can be hardly exploited by a thermal user. However, through a
reduction of the flow rate, it is expected that higher outlet temperature could be reached without

excessively reducing the electrical performance of the system.

The modest values of the overall efficiency, rather than by the intrinsic inefficiencies of the
conversion system, are limited by the low temperatures of the water coming from solar
collectors and therefore depend on the low potential of the heat source in agreement with the
Carnot theorem. To better understand the conversion potential of the considered system an
exergetic analysis is performed. The exergetic efficiency of the ORC unit is given by the

following expression:

Pel

Nex,0RC = Eq. 4.28

my, n (Alw,h,ev - Tamb,ref ASW,h,ev)

where, P is the net electrical output of the ORC (Eq. 4.25) and Aiw iev and Asy,pev are the
specific enthalpy and entropy differences between the inlet and outlet conditions of the hot

water in the evaporator. The reference ambient temperature 7ums,rer1s assumed 21 °C.

The simulated exergetic efficiency of the ORC unit is reported in the graph of Figure 85. for
different values of the collector outlet water temperature. As for the conversion efficiency of
the ORC unit, the exergetic efficiency is subjected to the opposite trend of the irreversibilities
associated to the expander and the evaporator. At low-temperatures and low flow rates of the
hot water, the evaporator provides the largest destruction of exergy. As the hot water flow rate
increases, the dominant source of irreversibility is switched from the heat transfer process in
the evaporator to the expansion of the halogenated fluid. These aspects can be better observed
in the graph of Figure 86, where the curves of the are plotted as a function of the hot water flow
rate. This Figure refers to 104°C outlet temperature of the water in the collectors but can be
considered representative also for the other considered condition, since the outlet temperature
of the water from the solar collector field does not affect significantly the trend of the

percentage fraction of the total irreversibility.
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Figure 85 — Exergetic efficiency of the ORC unit in the solar-powered ORC system with intermediate heat
transfer loop as a function of the volumetric mass flow rate and for different values of the collector outlet

water temperature.
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Figure 86 — Percentage of the total irreversibility generated in the ORC unit of the solar-powered ORC
system with intermediate heat transfer loop as a function of the volumetric mass flow rate of the water in the

collector. The curves refer to the components present in the ORC unit. (104°C outlet water temperature).

As the flow rate in the solar collectors increases, the irreversibility generated during the heat
transfer in the evaporator decreases. This is due to the improvement of the conditions of thermal

transfer: higher convective coefficients of thermal exchange are realized as the flow rate
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increases and thus, the incidence of this process on the total irreversibility of the ORC unit is

reduced.

The irreversibility in the condenser remains almost constant because the positive effect due
higher convective heat transfer coefficients achieved on the OWF side (evaporator heat
exchange improves on both sides) is compensated by the higher temperature difference
between cooling water and OWF needed with the increase of the thermal input. During the
simulations, the exergetic efficiency of the evaporator and the condenser are between 69% and
86% and between 36% and 40%, respectively. Despite the fact that the exergetic efficiency of
the evaporator results significantly higher than that of the condenser, the latter contributes less
to the total destruction of exergy in the ORC unit due to the fact that it operates at a lower
temperature. The condenser and the evaporator have in fact a percentage exergetic destruction

respectively between 18% and 22% and between 22% and 42% respectively.

As the water supply increases, the irreversibility associated with the expander increases with a
monotonous trend and is results the most incisive component in terms of exergy destruction in
most operating condition. The exergetic efficiency of the screw expander decreases from 56%
to 49%. The reason of this is the reduction in the isentropic expansion efficiency for the
progressive deviation from design condition as of the evaporator temperature increase. The
expansion process can cause up to 48% of the total irreversibility of the ORC unit. The
irreversibility generated in the pump and the generator are much lower than the those of the
other components. Their exergy efficiencies components coincide with the constant value of
the isentropic pumping and electrical efficiency set in the model, thus, their percentage

irreversibilities have modest variations as the operating condition varied.

The results obtained from the exergetic analysis are apparently in contrast to those reported in
the study on ORC systems presented in the literature, which identified the evaporator as the
most critical component. Tchanche et al. [202] observed that the largest exergy destructions in
ORC cycle occur in the order in evaporator, expander, condenser and pump. Barse and Mann
[203] reported that the losses in the condenser were higher than those occurring in the expander
and indicated the evaporator as the component in which the largest destruction of exergy. Such

studies, however, considered large ORC system with expander characterized by very high
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isentropic efficiency. For instance, in the work of Barse and Mann [203], a constant 80%
isentropic efficiency is assumed. In addition, the temperature differences between the fluids
involved were larger (10 °C at the pinch point) and, therefore, the heat transfer processes were
less efficient than those considered here. In our model, the low temperatures of the heat source
impose instead a small minimum temperature difference between the fluid (2 °C — 6 °C at the
pinch point) in order to not reduce the small potential of the low-grade heat source, which

requires large heat transfer areas at the evaporator and condenser.

As what has been done in the energetic analysis, to compute the overall exergetic performance
of the solar power ORC system, the conversion of the solar radiation available at the
concentrator aperture area into heat must be considered. The exergetic flux connected to the
solar radiation is evaluated by using the equation Eq. 4.22 it was possible to calculate the
exergetic flow of direct normal solar radiation incident on the aperture area of the collector
field. Known the exergy difference between inlet and outlet conditions of the water in the

collector field, it is possible to evaluate the exergetic efficiency of the solar collector as

. _ (Ew,h,out - Ew,h,in)col . My (Aiw,h,col - Tamb,ref ASw,h,col)
ex,col — . - 4
Esor DNI A 1+ 1 (Tamb,ref> _ é Tamb,ref Eg. 4.29
¢ 3 TSun 3 TSun

The results of the simulation show that the exergetic efficiency of the conversion of solar
radiation into heat results higher at higher values of the outlet temperature and flow rate of the
water in the solar collectors. Although the solar collectors allow an efficient conversion of the
incident radial flow into thermal energy (77% thermal collector efficiency), very low exergetic
efficiencies are obtained, with values ranging between 10.2% and 18.8%. This result was
expected due to the large temperature difference between the reference ambient temperature
and the apparent temperature of the Sun. The solar field becomes the source of the largest
irreversibility generation in the solar-powered ORC system. The percentage exergetic
destruction in the solar field is in fact results between 86.3% and 94.4% of the total. The
exergetic analysis carried out highlights how crucial is to improve the performance of the solar

collectors in order to increase the overall exergy performance of the system.
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The overall exergetic efficiency of the solar-powered solar ORC as a function of the DNI is
shown in Figure 87. The trend of the exergetic efficiency curves is very similar to that reported

for the overall conversion efficiency in Figure 84.
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Figure 87 — Overall exergetic efficiency of the solar-powered ORC system with intermediate heat transfer

loop as a function of the solar input (DNI) for different values of the collector outlet water temperature.

4.3.2 Simulation results of a solar-powered ORC system with direct

vaporization of the working fluid

The performance of a solar-powered ORC system has been evaluated with direct vaporization
of the OWF in the solar collector by adopting the once-through configuration presented in
Paragraph 4.1.3. The pressurized OWF coming from the pump is directly sent to the solar
collector where it is heated and vaporized. Afterwards, the vapor is expanded in the screw
expander and condensed before entering the pump. As compared to the configuration
considered in the previous Paragraph, in this case, the pump and the heat exchanger/evaporator,
whose function is directly carried out by the solar collector field, are no longer required. A
schematic representation of the considered system is reported in Figure 66 — b. In this
configuration, it is not convenient to superheat the vapor as it would cause a decrease in the
performance of the solar collectors, due to low heat transfer coefficients in the receiver obtained

in the presence of vapor flow. This would imply a substantial increase of receiver length, thus
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of the aperture area of the collector with a higher cost of the system. Moreover, these
disadvantages would be accompanied by higher thermomechanical stress on the receiver, due
to the higher thermal gradients in the terminal section of the receivers. Therefore, it has been
assumed a reference thermodynamic cycle for the halogenated fluid with a complete
evaporation of the halogenated fluid and no superheating of the saturated vapor at the outlet of

the collector (Figure 88)
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Figure 88 — Temperature profiles and heat flow rates transferred between the halogenated fluid and the

cooling water streams in the T- 1 Ai diagram (riopr= 0.33 kg s7'; DNI = 882 W m™).

The simulations are performed under the same solar input (DNI) and environmental conditions
(air temperature and wind speed). In order to assess a fair comparison, the solar-powered ORC
system with direct vaporization of the R1233zd(E) in the solar collector solar-powered ORC
that operates with the same components (collector field, pump, expander and condenser)
considered in the simulation of the solar-powered ORC systems with intermediate heat transfer
loop. In the model, geometries and design parameters of the components have been maintained
unaltered. Furthermore, the evaporation temperature of the OWF has been adjusted to operates
with the same reduced temperature difference in the collector field under the different operating

conditions tested reduced to which the solar field operates. This assumption assures that the
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comparison between the two configurations is not affected by the thermal efficiency of the

solar collectors.

For the sake of simplification of the comparison, the reference of the curves in the following
figures is kept to the outlet water temperatures from the solar collector field obtained with the

intermediate heat transfer that provides the same reduced temperature difference in the

collectors.

Working at the same reduced temperature difference in the solar field requires operating at a
higher evaporation temperature than it has achieved with the configuration with intermediate
solar circuit it also increases significantly. The evaporation temperature obtained during the
simulation of the solar-powered ORC system with direct vaporization of the OWF in the solar
collector field is plotted as a function of the DNI in Figure 89. The evaporation temperature

increases almost linearly with the DNI.
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Figure 89— Evaporation temperature in the solar-powered ORC system with direct vaporization of the OWF
in the solar collector field as a function of the solar input (DNI). The curves refer different values of the

collector outlet water temperature providing the same reduced temperature difference in the collectors.

The increased evaporation temperature implies that the system will operate at higher pressure
level: at the maximum values of the evaporation temperature achieved in the simulation, 135

°C, the R1233zd (E) present 21.1 bar saturation pressure which results significantly higher than
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the maximum evaporation pressure (11.2 bar) in the evaporator working at 105°C with the
intermediate solar circuit. This implies that the solar circuit must be sized for a much higher

pressure (21.1 bar) with respect to the 3 bar of the water in the intermediate solar circuit.
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Figure 90— Pressure ratio (a) and isentropic expansion efficiency (b) of the expander in the solar-powered
ORC system with direct vaporization of the OWF in the solar collector field as a function of the solar input
(DNI). The curves refer different values of the collector outlet water temperature providing the same reduced

temperature difference in the collectors.
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The pressure ratio available for the expansion process is increased to values ranging from 3 bar
to 11 bar as the DNI increases (Figure 90 — a). This increase is particularly evident at the higher
solar input due to the non-linear trend of the saturation pressure with the temperature.
Consequently, the expander is working far away from its design point and the isentropic
efficiency results lower than the previous simulation (Figure 90 — b). At low DNIs the
blowback losses are modest and the expander works near its peak of efficiency (52%),
however, as the DNI increases, the isentropic expansion decreases down to 35% due to the

increased pressure ratio.

In this configuration, the net electrical output of the ORC unit is calculated by subtracting the
electrical consumption of the pump P, orc from the electrical power generated by the electrical

generator Pg orc:

Eq. 4.30

P, = Pg,ORC - Pp,ORC = Mowr <Ahexp,is Nis,exp Nel — Ahp,is )
771’5,p Net

Figure 91 reports the trend of the electrical power output of the ORC: it increases with the DNI
from 1.7 kWe, for 450 W m™2, to 4.4 kWe at 1000 W m™. It can be noticed that the trend is

more regular as compared to the first configuration (see Figure 77) due to the monotonous

decrease in the efficiency of the expander as the DNI increases.

5.5
50 b
45 b
2 40} = 1
=
5 35 g 1
3 30 F Solar collector
g = P outlet water
= 25 F o’ temperature
g 77°C
= 20 + — 82°C
i — 88°C
w 15
w 93°C
1.0 99°C
— 104°C
05 — 110°C

116°C]

0 L 1 . . . )
400 500 600 700 800 900 1000 1100

DNI (W m?2)

Figure 91 — Net electrical power generated by the solar-powered ORC system with direct vaporization of the
OWF in the solar collector field as a function of the solar input (DNI). The curves refer different values of the

collector outlet water temperature providing the same reduced temperature difference in the collectors.
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When this result is compared with that obtained in the previous simulation, it can be observed
that the configuration with direct vaporization exhibits higher electrical power for most of the
cases considered (Figure 92). Only at DNI values over 900 W m™ the solar-powered ORC
system with intermediate heat transfer show allows generating more electricity. However, it
has to be mentioned that these differences are quite small. This trend is mostly due to the

stronger influence of the poor expansion isentropic efficiency in the second configuration.
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Figure 92 — Net electrical power generated by the solar-powered ORC systems with direct vaporization of the
OWEF (blue dots) and intermediate heat transfer loop (red triangles) as a function of the solar input (DNI).

With respect to the considered solar-powered ORC system, the supplied heat flow rate provided
by the thermal input to the ORC unit is the heat flow rate gained by the OWF in the solar

collector field:
Qin = Mowr Dlowr col Eq. 4.31

where Adiowr cor1s the enthalpy difference between inlet and outlet conditions of the OWF in the

collectors. Hence, the conversion efficiency of the ORC unit in this case becomes:

n _ Pel _ Pel
ORC = — =
din  Mowr Dowr col

Eq. 4.32

Unlike what is achieved with the first configuration in which an asymptotic trend is observed,

the conversion efficiency of the ORC unit, plotted in Figure, present a maximum in the middle
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part of the considered DNI range. This can be explained in the light of the increase evaporation
temperature with the DNI and the contextual decrease of the isentropic expansion efficiency:
initially the increase of the evaporation temperature results more influence than the reduction
in in the expansion performance, implying an increasing trend until the peak is reached,

afterwards the decrease if the isentropic efficiency becomes dominant.
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Figure 93 —Conversion efficiency of the ORC unit in the solar-powered ORC system with direct vaporization
of the OWF in the solar collector field as a function of the solar input (DNI). The curves refer different values

of the collector outlet water temperature providing the same reduced temperature difference in the collectors.

The efficiency of the solar collector field can be calculated by applying Eg. 3.1 to the

considered case:

— mOWF Ah’OWF,COl
nCOl DNI Aa

Eq. 4.33

Because of the assumption made on the reduced temperature difference, the solar collectors

operate with a thermal efficiency ranging from 76% to 78%.

By extending the conversion efficiency analysis to the thermal collectors, it is possible to
evaluate the overall conversion efficiency of the solar-powered ORC system given by the
product between the solar collector efficiency and the conversion efficiency of the ORC unit
(Eq. 4.27). The overall conversion efficiency is plotted against the solar input (DNI) in Figure

95. Similar to what observed for the configuration with an intermediate solar circuit, the overall
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conversion efficiency of the solar-powered ORC during this simulation varies between 3.6%
and 4.6%.
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Figure 94Figure 89 — Overall conversion efficiency of the solar-powered ORC system with direct
vaporization of the OWF in the solar collector field as a function of the solar input (DNI). The curves refer

different outlet water temperature providing the same reduced temperature difference in the collectors.
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Figure 95 — Overall Conversion efficiency of the ORC unit in the solar-powered ORC systems with direct
vaporization of the OWF (blue dots) and intermediate heat transfer loop (red triangles) as a function of the
solar input (DNI).
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In particular, the performance of the electric power generated by the two configurations is
linear with the increase of the DNI. As shown in Figure 95. The values obtained in the present
simulation are very similar close to those obtained with the configuration presenting an
intermediate heat transfer circuit, however, at low DNI the performance of the configuration
with direct vaporization of the DNI are significantly higher. As the DNI increases the difference
between the two configurations reduces and for DNI over 800 W m™ the overall efficiency of
the configuration with intermediate heat transfer loop present becomes higher. Again, this trend
is a direct consequence of the adoption of the same expansion device in both solar-powered
ORC configurations which strongly penalizes the configuration with direct vaporization of the
OWF whereas the first configuration operates at pressure ratios centred closer to the design

point of the expander.

The exergetic efficiency of the ORC unit in the solar-powered ORC systems with direct

vaporization of the OWF is evaluated through the following expression:
P, el

Nex,0RC = Eq. 4.34

Mowr (Alowp,col - amb,refASOWF,col)

where, P, is the net electrical output of the ORC (Eq. 4.30) and Adhowr,cor and A4s owr,cor are the
specific enthalpy and entropy differences between the inlet and outlet conditions of the hot
OWF in the collector. The reference ambient temperature Tyums,rer1s assumed 21 °C. In this way,

the conversion process of solar radiation into heat is not considered.

The exergetic efficiency of the ORC unit is plotted in Figure 96 and exhibits a monotonous
decrease as the DNI increases reflecting the trend of exergetic expansion efficiency (Figure

97).

As expected, the expander constitutes the components that most influences the exergetic
performance of the ORC unit in the case of direct vaporization of the OWF, causing from 63%
to 69% of the total exergy destruction in the ORC unit. The condenser generates between 22%
and 26% of the total irreversibility generated in the ORC unit, while the percentages of the total
exergy destruction caused by the electrical generator and the circulating pump range

respectively between 3.8% and 7.5% and 0.5% and 1.4%
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Figure 96— Exergetic efficiency of the ORC unit in the solar-powered ORC system with direct vaporization of
the OWF in the solar collector field as a function of the solar input (DNI). The curves refer different values of

the collector outlet water temperature providing the same reduced temperature difference in the collectors.
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Figure 97 — Exergetic efficiency of the expander in the solar-powered ORC system with direct vaporization of
the OWF in the solar collector field as a function of the solar input (DNI). The curves refer different values of

the collector outlet water temperature providing the same reduced temperature difference in the collectors.

To compute the overall exergetic performance of the solar power ORC system, the conversion
of the solar radiation available at the concentrator aperture area into heat is included in the

analysis. Once the exergy difference between inlet and outlet conditions of the halogenated
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fluid in the collector field is known, and the exergetic flux connected to the solar radiation is
evaluated adopting the formulation of Petela [200] (Eq. 4.22), the exergetic efficiency of the

solar collectors is calculated as:

n _ (EOWF.out - EOWF,in)Col _ Mowr (AhOWF,Col — Lamb,ref ASOWF,col)
ex,col — . -
Esor pNiA. 1+ 1 (Tamb,ref)4 _ éTamb,ref Eq. 4.35
“ 3 TSun 3 TSun

The overall exergetic efficiency of the solar-powered ORC system can be calculated as the

product between the exergetic efficiency of the solar collector field and the ORC unit:

Nex,solar—orRCc = MNex,0rCc Nex,col Eq. 4.36

The overall exergetic efficiency in the simulation was between 3.8% and 4.9%. Figure 98

reports the trend of the overall conversion efficiency when the DNI is varied.
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Figure 98 — Overall exergetic efficiency of the solar-powered ORC system with direct vaporization of the
OWEF in the solar collector field as a function of the solar input (DNI). The curves refer different values of the

collector outlet water temperature providing the same reduced temperature difference in the collectors.

The solar field causes between 86% and 94% of the total exergy destruction in the system. This
result is very similar to that obtained with the solar-powered ORC system with intermediate
heat transfer loop. As compared to this first configuration, the direct vaporization of the OWF

provides higher overall exergetic efficiency except for the highest value of DNI considered in
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the comparison where the poor performance of the expander reduced the overall efficiency of

the ORC system with direct vaporization of the OWF.
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Figure 99 — Overall exergetic efficiency of the solar-powered ORC systems with direct vaporization of the

OWEF (blue dots) and intermediate heat transfer loop (red triangles) as a function of the solar input (DNI).

From the comparison between the solar-powered ORC systems with intermediate heat transfer

loop and direct vaporization of the OWF, it can be concluded that the second configuration

presents higher electrical output and overall conversion efficiency. Furthermore, the direct

vaporization of the OWF can increase the exergetic performance of a solar-powered ORC.

Only at the highest values of DNI, which corresponds to the highest pressure ratio at the

expander, the low value of the isentropic expansion efficiency causes a decrease in the

performance. It is expected that the adoption of an expander that shows peak performance at

higher values of pressure ratio could increase dramatically the overall performance of the solar-

powered ORC with direct vaporization of the OWF and the advantage of this configuration

over the system with intermediate heat transfer loop would be magnified.






Chapter 5 Planar volumetric receiver for

absorbing nanofluid

In conventional solar thermal collectors, the solar radiation is absorbed and transferred to a
heat transfer fluid by means of a metallic absorber plate. To achieve high performance, solar
collectors should enhance the absorption from the Sun and increase the heat transfer rate to the
fluid. The addition of nanoparticles in a base-fluid can dramatically enhance its optical
properties, in particular, its absorption properties. Thus, nanofluids could be successfully used
in solar collectors to absorb directly the solar radiation in their volume and avoid using an

absorber plate.

This Chapter presents the results of the numerical and experimental investigations on the
application of nanofluids as a volumetric absorber in a concentrating direct absorption solar
collector (DASC): an aqueous suspension of single-wall carbon nanohorns (SWCNHs) is
chosen as the nanofluid. A model of a solar receiver with a planar geometry aimed to be
installed in a parabolic trough concentrator is developed: the radiative transfer equation in
participating media and the energy equation are numerically solved to predict the thermal
performance of the receiver. An indirect experimental validation is performed by using
measurements in the same parabolic trough concentrator: the simulated performance of the
direct absorption receiver has been compared with experimental data of a conventional surface-
absorption receiver under the same operating conditions. Moreover, the model is used to
compare the calculated performance of the volumetric receiver and that of a selective surface
receiver under the same operating conditions. From this numerical investigation, the guidelines
for the design and optimization of a flat volumetric receiver for a solar concentrating collector
are drawn. According to the numerical results, a direct absorption receiver has been designed
and set up to investigate the capability of the nanofluid to absorb the concentrated sunlight.

The receiver exhibits a flat geometry and has been designed for installation on a full-scale
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linear concentrating collector presenting an asymmetrical parabolic trough, where the
concentrated solar flux locally reaches 100 kW m under clear-sky conditions. A SWCNHs
suspension in distilled water with a concentration of 0.02 g L™ is prepared at the Institute of
Condensed Matter Chemistry and Technology for Energy (ICMATE) of the National Council
of the Research (CNR) in Padova. The thermophysical properties, measured at the Construction
Technologies Institute (ITC) of the CNR in Padova, are the same as those of the base-fluid, but
the presence of carbon nanoparticles greatly enhances the optical characteristics, such as optical
extinction. The characterization of the optical properties of the nanofluid is performed at the
Italian National Institute of Optics (INO) of the CNR in Florence. An experimental
investigation on the capability of the nanofluid in collecting solar radiation and verify its
stability when exposed to concentrated and non-concentrated solar flux with and without

circulation is carried out.
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5.1 Direct absorption solar collector with nanofluid

In conventional solar thermal collectors, the photothermal conversion happens in a two-steps
process: the solar radiation heats up an absorber surface provided by a selective coating and
then, part of the heat is transferred to the working fluid, driven by a temperature difference.
The thermal performance of a solar collector can be evaluated by accounting the thermal and
optical losses. Thermal energy is lost from the collector to the surroundings by conduction,
convection, and infrared radiation, while optical losses take account of the non-unitary
transmittance and absorbance of the transparent cover and absorber medium, respectively. To
achieve high performance, solar collectors should enhance the absorption from the Sun and
increase the heat transfer rate to the fluid decreasing optical losses to the surroundings such as
reflection of Sun radiation and heat transfer from the system to the surroundings [204]. In
typical configurations, conductive and convective thermal resistances between the absorber
and the fluid makes the effectiveness of solar-to-thermal energy conversion quite limited
because of high heat losses from the surface absorber to the surroundings. Innovative absorber
elements for flat and concentrating collectors providing enhanced heat transfer have been
proposed in the literature. For instance, the performance of a roll-bond absorber in a flat plate
solar collector has been discussed in the work of Del Col et al. [205]. Bortolato et al. [89]

proposed the use of flat bar-and-plate absorber in an asymmetrical small parabolic trough.

An alternative method to reduce the interface thermal resistance is to replace the absorber
surface with the volumetric absorption in the working fluid. In this kind of devices, the
absorption of the solar radiation occurs directly in the fluid volume instead of being limited to
the receiving surface. The main advantage of direct absorption of solar radiation is to avoid the
thermal resistance between absorber surface and heat transfer fluid. Figure 100 reports a
schematic comparison between a conventional solar thermal collector and a direct absorption
solar collector in terms of thermal resistances as can be found in the work of Taylor et al. [206].
As compared to the conventional surface-absorption solar collectors, the total thermal
resistance is lower, the fluid bulk represents the hottest element, the optical efficiency increases

and the convection heat losses diminish because of the lower surface temperature. Direct
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absorption solar collectors may, therefore, lead to higher thermal efficiency and lower cost due

to the absence of a selective surface.

Solar radiation Solar radiation
Absorption § Absorption
Surface
absorber
] Nanofluid
Conduction
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g Heat exchanger
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Figure 100 — Resistance network for the heat gain: comparison between conventional solar thermal collector

(left) and direct absorption solar collector (right).

The concept of direct absorption of solar radiation was presented in the 70’s as a simplification
of conventional collector design to potentially enhance the efficiency by absorbing solar
radiation within the fluid volume [207]. Minardi and Chuang [208] were the first to present a
direct absorption solar collector using a suspension of micro-sized carbonaceous particles in
shellac, known as India Ink, as a volumetric receiver. However, the microparticle-based fluids
used were unsafe, toxic and unstable, causing fouling of hydraulic loops, clogging of pumps
and erosion issues. The application of nanofluids, which consist of dispersions of solid
nanoparticles with a diameter less than 100 nm in a base-fluid, in DASCs may overcome these
drawbacks: the presence of a small amount of nanoparticles should facilitate the preparation of
stable fluids, entails a negligible change in viscosity and minimizes mechanical erosion and
chemical corrosion [209]. Furthermore, nearly total absorption of the solar spectrum energy
can be achieved by properly tuning the kind and concentration of nanoparticles in the base-

fluid. Only in the last decades, thanks to the technological progress in the production of
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nanoparticles and preparation of nanofluids with improved functional properties with respect

to the base-fluid [210], the research community has found a renewed interest in DASCs.
5.1.1 Nanofluids as direct absorbing media

A nanofluid is a fluid containing nanometer-sized particles, called nanoparticles. These fluids
are engineered colloidal suspensions of nanoparticles in a base-fluid [211]. The nanoparticles
used in nanofluids are typically made of metals, oxides, carbides, or carbon nanotubes [212].
Common base-fluids include water, ethylene glycol and oil. Choi et al. [210] conceived
nanofluids as a substitute of the traditional medium in processes that require highly efficient
heat transfer. At first, they have been proposed as working fluids in surface-absorption solar
thermal collectors, since they were supposed to possess superior thermal properties as
compared to the conventional working fluids. Numerous experimental and theoretical works
on the application of nanofluids as heat transfer fluid in solar thermal systems have been done,
as reported by Lomascolo et al. [213] and by Kakag et al. [214]. Actually, ambiguous results
have been obtained when assessing the enhancement of thermal convection by adding
nanoparticles in a fluid. Knowledge of the rheological behaviour of nanofluids is found to be
critical in deciding their suitability for convective heat transfer applications [215,216]. A
discussion on the actual heat transfer enhancement of nanofluids is also provided in the work
of Mohamad [217]. On the other hand, some nanofluids present peculiar optical properties that
allow their use as absorbing and heat transfer medium in DASCs presenting good prospect to

successfully enhance the solar collector efficiency.

In order to explore the possible use of a fluid as absorbing medium in DASC:s, it is crucial to
characterize its optical properties. Conventional fluids adopted in solar thermal collectors have
been shown extremely low absorptive properties over the solar spectrum. Otanicar et al. [218]
investigated the optical properties possible candidates as base-fluid for direct absorption
receivers (water, propylene glycol, ethylene glycol and Therminol VP-1). Experimentally, they
measured transmittance spectra for all four fluids, and they have found strong absorption bands
at 950-1000 nm and at 1200 nm for water, ethylene glycol and propylene glycol. Although
water results the best solar absorber of the four fluids, it can absorb only 13% of the incident

solar energy.
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Numerous studies have demonstrated that the optical properties of the base-fluid can be
dramatically enhanced even with very low amounts of specific nanoparticles, much smaller
than that required to vary the thermophysical properties of the heat transfer fluid [219]. A recent
review on this topic is provided by Gorji and Ranjibar [220]. In the last years, many researchers
have tried to determine the most suitable nanoparticle to be used in DASCs. Javadi et al. [204]
acknowledged that there is the lack of study on the effects of nanofluids optical properties such
as transmittance and extinction coefficient on the performance of solar collector. Recently,
Leong et al. [219] presented an overview of current applications of nanofluids in solar systems.
The authors discussed several issues that need further investigation and highlighted that type
of particles, size, shape and volume concentration in the base-fluid play important roles on the
definition of the optical characteristics of nanofluids; thus, there is much room to tailor the

optical properties of a nanofluid according to with its application.

Extinction represents the energy reduction of incident beams. The extinction coefficient is the
imaginary part of the complex refractive index. It depends on the size and nature of the
nanoparticle, dielectric constant of the medium and temperature distribution and nanoparticle
concentration. The extinction coefficient can be expressed as a combination of the absorption
and scattering coefficients. Absorption characterizes the loss in intensity of incident light when
passing through the working medium. The absorbance of the nanofluid takes account of both
nanoparticles and base-fluid absorption characteristics, however, it cannot be computed as a
simple summation of their absorption capacities [221]. Scattering takes account of all
deviations and redirection mechanism of light from its original trajectory due to the presence
of solid particles in a radiative participating medium such as nanofluid. The effect of scattering
is related to the probability of a light beam to hit a solid particle and it increases with the volume
concentration and dimension of solid particles. According to Taylor et al. [222], the effect of
scattering is negligible if the particles volume fraction is less than 0.6%. Furthermore,

scattering has minimal effect when the nanoparticles size is lower than 10 nm [223].

Table 10 a summarize the most important works on optical characterization of nanofluids
presenting nanoparticles of different origin, size and concentration dispersed in different base-

fluids.
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Table 10 — Summary of the studies of optical properties of nanofluid.

Investigator(s)

(Year)

Nanoparticles /base-fluid

(Surfactant)

Nanoparticle size

Nanoparticle concentration

Otanicar et al.

(2009)

Taylor et al.
(2011)

Han et al.
(2011)

He et al.

(2011)

Sani et al.
(2011)
Merecatelli et al.
(2011)
Mercatelli et al.
(2011)

Gan & Qiao
(2012)

Jai Poinern et al.
(2012)

Saidur et al.
(2012)
Mercatelli et al.
(2012)

Meng et al.
(2012)

He et al.

(2013)

Lee & Jang
(2013)

Zhu et al.
(2013)

Zhang et al.
(2014)

Water, EG, PG, Therminol
VP-1

TiO,, Al, Ag, Graphite, Cu/
Water; Al, Ag, Cu Graphite
/ Thermiol VP- 1

Carbon black / Water

TiOy/ ,CNT/H,O

SWCNHs / EG

SWCNHs / Water (SDS)

SWCNHs / Water, Glycol

Al AL,O3 / Ethanol

fCNSs / Water

Al / Water

SWCNHs / Water

MWCNTs / Glycol

Cu / Water (surfactant)

MWCNTs / Water

AIN, TiN, ZrC, ZnO /
Water, Dispersant, E80
Arabic gum

Ni/C, Ni, Cu / Ionic liquid
(HMIM)

30 nm (TiO3), 20nm
(Al), 30nm(Ag), 30 nm
(Graphite), 30 nm(Cu)

50-500 nm

5-10 nm (TiO,), 10-50 x
100-1000 nm (CNT)

2-5x30-50 nm

Dahlia-like and bud-like
shapes

Dahlia-like and bud-like
shapes

25 nm(ALO3) 80 nm
(Al)

210 nm

1-20 nm

2-5 x30-50 nm

n/a

25 nm

53 nm

40 nm (AIN), 29 nm
(TiN), 40 nm (ZrC),
10nm (ZnO)

40 nm

0.5 (TiO2), 0.1 (Al), 0.004
(Ag), 0.5-0.1-0.0025
(Graphite), 0.004 (Cu) vol%

up to 7.5 vol%

4.3 wt% (Ti0,), 0.25, 0.5, 1
wt% (CNT)

0.06 g/L

03 gL

0.005 - 0.06 vol%

0.1 wt%

n/a

0.1-8.0 vol%

0.3 g/L

0.5, 1.0, 2.0, 4.0 wt%

0.02 - 0.001 vol%

0.0005-0.005 vol%

0.02,0.06 (AIN), 0.02 (TiN),
0.1 (ZrC), 0.02 (ZnO) vol%

10 - 40 ppm
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Hordy et al.
(2014)
Sajid et al.
(2014)
Xuan et al.
(2014)

Said et al.
(2014)
Karami et al.
(2014)
Hordy et al.
(2015)

Liu et al.
(2015)

Wu et al.
(2015)

Milanese et al.

(2016)
Karami et al.
(2016)
Menbari &
Alemrajabi
(2016)

Song et al.
(2016)
Menbari et al.

(2016)

MWCNTSs / Water, PG,
Therminol VP-1

AlLO; / Water

TiO,, TiO2-Ag / Water

TiO;, Al,O3 / Water

(various surfcatant)

MWCNTSs / Water

MWCNTs / Water

Graphene / Ionic liquid
[HMIM]BF4

Si, SiC core and Au, Ag,
Cu, Al shell / Water

Al O3, CuO, TiO,, ZnO,
CeO,, Fe20;3 / Water
CuO / EG and Water
(30:70)

CuO and y-Al1203/ Water,
EG, EG and water (mixture)

functionalized A1203 /
Water, ethyl alcohol

CuO and y-Al,Os/ Water,
EG, EG and water (mixture)

30 x 4000 nm

13 nm

20/30 nm

21nm (TiOy)
13 nm (Al,O3)

10 x 5000-10000

31 x 4000 nm

n/a

n/a

n/a

<40 nm

<100 nm (CuO)
<40 nm (y-ALO3)
30 nm

<100 nm (CuO),
<40 nm (y-ALO3)

0-53 mg/L

0.03, 0.05 and 0.08 vol%

0.5, 1.0, 1.5 vol%

0.1, 0.3% vol%

0-150 ppm

220 mg/L

0.0005 - 0.01 wt%

n/a

0.05,0.1, 0.5, 1 vol%.

0.01 vol%

0.02 - 0.06 (y-ALO3)
0.0005 - 0.002 (CuO) vol%
0.01 vol%

0.02 - 0.06 (y-ALO3)
0.0005 - 0.002 (CuO) vol%

Taylor et al. [224] experimental and theoretical investigated the optical properties of different

fluids (Graphite, Al, Cu, Ag, Au suspended in water or Therminol VP-1,). The results of this

study reveal that for nanofluid layer thickness greater than 10 cm and particles volume fractions

less than 107 ppm, over 95% of incident sunlight can be absorbed. Absorption at shorter

wavelengths occurs due to the presence of the nanoparticles whereas at longer wavelengths it

occurs mostly in the base-fluid. Saidur et al. [225] investigated the optical performance of four

nanofluids with different concentrations of aluminium particles suspended in water. Despite



Planar volumetric receiver for absorbing nanofluid 225

the lower extinction coefficient, absorption in visible light and shorter wavelengths was
enhanced. The extinction coefficient resulted linearly proportional to the volume fraction of
the nanoparticles in the suspension. Gan and Qiao [226] investigated the radiative properties
of various nanofluid fuels (Al and Al>O3 in ethanol) for combustion systems, or to be used to
directly collect solar thermal energy. They demonstrated that radiation absorption can be
significantly enhanced by adding a small amount of nanoparticles such as Al to the base-fluid.
However, at high particle-loading rates, such enhancement was mitigated by the increasing
aggregation of nanoparticles. He et al. [227] measured the transmittance of Cu—H20 nanofluids
over the solar spectrum (250-2500 nm). The factors influencing transmittance of nanofluids,
such as particle size, mass fraction and optical path were investigated. The transmittance of
Cu—H>0 nanofluids (0.1 wt.%) was closes to zero, and the highest temperature of it can increase
up to 25.3% compared with deionized water. In the study presented by Zhu et al. [228], an
investigation on thermal radiative properties of different nanofluids (AIN, ZnO, ZrC, and TiN
— water suspensions) have been performed. The effects of dispersants, mass fractions, and
nanoparticle materials on the radiative properties of nanofluids within the wavelength range
from 300 nm to 2500 nm were analysed. It resulted that dispersants can reduce the
transmittance of water by less than 5 % within the visible spectrum. The solar weighted
absorptances of AIN-, ZnO-, ZrC-, and TiN-water nanofluids were 45 %, 31 %, 87 %, and 99
%, respectively, when the liquid film was 10 mm thick. ZnO- and AIN-water nanofluids were
semi-transparent in the wavelength range of 300 nm to 1400 nm and opaque in the wavelength
range of 1400 nm to 2500 nm, whereas ZrC- and TiN-water nanofluids were able to absorb
most of the solar radiation. Zhang et al[229] characterized the solar radiation absorption of
ionic liquid-based nanofluid with different nanoparticle (N1/C, Ni, Cu) with similar average
size at the same volume fraction of 10 ppm. They observed that the optical absorption property
can be greatly enhanced by adding a low volume fraction of nanoparticles (10 ppm to 40 ppm).
Ni/C nanofluid exhibits the lowest transmittance and highest extinction coefficient as compared

with those containing Ni and Cu nanoparticles.

Other researchers have investigated the use of nanofluids containing metallic oxide as direct
absorption media for solar radiation. The paper of Sajid et al. [230] investigated the effect of

time on optical properties of water-based alumina nanofluid. They noted a significant decrease
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with time in the extinction coefficient of nanofluid within visible to near-infrared region. Said
et al. [231] compared the optical properties of TiO> and Al,O3; water-based nanofluid. After
the best surfactant for both nanofluids, it has been observed that TiO; nanofluids higher
extinction coefficient for a wide range of wavelengths compared to that of Al,Os; based
nanofluid although they are less stable. Recently, Milanese et al. [232] investigated the optical
behaviours of different oxide nanoparticle (Al,O3, CuO, TiO2, ZnO, CeO», Fe»03) in aqueous
solution. Although it has been noted some differences among the nanofluids, in all
measurements the transmittance rises passing from visible to infrared region. In some cases,
the extinction distance increased up to values larger than the typical thickness of solar
collectors. The best results have been obtained with TiO nanoparticles, which, at very low
concentration (0.05 vol%), were capable to absorb completely solar radiation within 1 cm of
depth. Analysis of the optical properties for absorption of solar radiation of copper oxide in
ethylene glycol and water mixture (30%:70%) was performed by Karami et al.[233]. The
absorbed energy fraction of CuO 0.01%vol nanofluid resulted four times greater than that of
base-fluid in the whole wavelengths for solar energy , ranging from 200 nm to 2500 nm. Song
et al. [234] conducted an investigation on optical properties of alumina nanofluids with
different aggregation properties. In this study, they were able to investigate the underlying
correlation between the size distribution of the aggregate in nanofluid and their resulting
absorbance. Particle size distribution resulted an important factor affecting optical property of
nanofluid. It was found that inhibited aggregation and resultant smaller aggregated particle size

could lead to larger absorption coefficient.

At the beginning of the last decade, several authors have studied different shapes and structures
of carbon-based nanoparticles to enhance the optical properties of the base-fluid. In the
following the main results of the optical characterization of carbon-based nanofluids are
presented, except for nanofluid with Single-wall Carbon Nanohorns which will be discussed in
a separated Paragraph. The work of Han et al. [235] revealed that carbon black nanofluids
show a good absorption ability of solar energy and could effectively enhance the solar
absorption efficiency. For volume fraction up to 6%, carbon black nanofluid exhibits amply
enhanced absorption of solar radiation in the wide range of the solar spectrum (200-2500 nm).

Nanoparticles of functionalized carbon nanospheres (fCNS) have been studied by Poinern et
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al. [236]. All the f{CNS nanofluids had favourable photothermal responses to solar irradiation
over the exposure period, showing the potential to improve the photothermal properties of the
solar absorbing fluid. In their study, Lee and Jang [237] reported that the extinction coefficient
of multi-wall carbon nanotubes (MWCNTs) glycol-based nanofluids linearly increases from
0.6 cm™! to 3.83 cm™! with the increase in volume fraction (0.0005-0.005 vol%) within 633
nm wavelength. The influences of the mass fraction of MWCNTs and temperatures on
photothermal properties, thermal conductivity and rheological behaviour were investigated by
Meng et al. [238]. Strong absorption has been observed at a wavelength range from 200 nm to
2500 nm. With 0.5 wt% nanofluids, 18% enhancement of photothermal conversion efficiency
as compared to that of base-fluid. An experimental study to investigate the light-heat
conversion characteristics of two nanofluids TiO, and CNT in water suspension were
performed by He et al. [239]. Tests were conducted under two different weather conditions.
The experimental results showed a very good light-heat conversion characteristic of the CNT-
water nanofluid with the weight concentration of 0.5%. Karami et al. [240] reported a
substantial increase in the extinction coefficient when a small amount of MWCNTs is added
into the base-fluid (water). Strong absorption bands for these nanofluids at 900-1000 nm and
again at 1200 nm have been observed. At nearly 1400 nm the nanofluids are essentially opaque
to incoming radiation, which are similar to the base-fluid. The presence of 150 ppm MWCNTs
increases the extinction coefficient of pure water by about 4.1 cm—1. Hordy et al. [241] studied
the optical and stability properties of MWCNT nanofluid with different base-fluid (water,
propylene glycol and Therminol VP-1). High optical absorption in solar spectrum range has
been observed. Long-term stability (up to 8 months) at room temperature has been
demonstrated for the glycol-based nanofluids. After heating up to 85°C and 170°C, no particle
agglomeration has been found for the aqueous and glycol-based nanofluids, respectively. Liu
et al. [242] combined numerical and experimental studies to predict temperature profiles based
on direct absorption, convective heat transfer loss and thermal re-emission at high temperatures
by graphene-ionic nanofluids. In their work, a one-dimensional transient heat transfer model
was developed. The results showed that the receiver efficiency increases with the solar
concentration and receiver height, but conversely with the graphene concentration under

concentrated incident solar intensity.
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The optical behaviour of composite nanofluids was firstly investigated by Xuan et al. [243]
comparing the optical properties of TiO2, Ag and TiO2/Ag composite nanoparticles suspended
in water. Due to the localized surface plasmon resonance (LSPR) effect excited on the Ag
surface, the optical absorption of TiO2/Ag plasmonic nanofluid was remarkably enhanced.
Experiments revealed that TiO»/Ag plasmonic nanofluid exhibits a higher temperature
compared with that of TiO2 based nanofluid. The effect of nanoparticle concentration on the
photothermal performance of TiO2/Ag plasmonic nanofluid was also studied in this paper. Wu
et al. [244] investigated the optical and thermal radiative properties of plasmonic nanofluids
containing composite nanoparticles with Si, SiC cores and Au, Ag, Cu and Al shells. Their
results revealed that through an appropriate selection of composite radius ratio with required
size and concentration of the nanoparticles, the effect of localized surface plasmon resonance
could be fully utilized for efficient solar energy absorption at visible and infrared wavelengths.
Menbari et al. in two different works [245,246] investigated the optical behaviour of a new
class of oxide-based nanofluids (y-Al203/CuO binary nanofluids) for direct absorption. From
their results, it can be concluded that any changes in each component (CuO and y-Al,Os) affect
both the optimal conditions of stability and the properties of the nanofluid. The extinction
coefficient of the binary nanofluids is approximately equal to the sum of the extinction
coefficients of the constituent components. Optical coefficients were shown to be direct
functions of the nanoparticle volume fraction. The extinction coefficient of the binary
nanoparticles dispersed in water is greater than those of the binary nanoparticles dispersed in

ethylene glycol or the mixture of ethylene glycol-water.
5.1.2 Single-Wall Carbon Nanohorns-based nanofluid

Single-wall Carbon Nanohorns (SWCNHs) are tiny graphene sheet, wrapped to form a horn-
shaped cone with a cone opening angle of around 20°. These SWCNHs are derived from single-
wall carbon nanotubes and ended by a five-pentagon conical (half-fullerene) cap with about
30-50 nm in tubule length and about 3—5 nm in diameter [247]. Generally, thousands of
SWNHs associate with each other to form the ‘dahlia-like' and ‘bud-like’ structured aggregates

which have an average diameter of about 80—120 nm. The former consists of tubules and
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graphene sheets protruding from its surface like petals of a dahlia, while the latter is composed

of tubules developing inside the particle itself [248] (Figure 115).

Horn diameter ‘
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Figure 101 — Graphic representation and dimensions ‘dahlia-like’ structured aggregate of single-wall carbon

nanohorns (SWCNH). (Carbonium [249] Padova, Italy).

The absence of potentially toxic metal catalyst in the synthesis of SWCNHs and their mass
production at room temperature are two key advantages of carbon nanohorns over carbon
nanotubes [250]. Furthermore, their dispersion in water is favourited due to their heterogeneous

surface structure.

The use of single-wall carbon nanohorns for energy applications was recently reviewed by
Zhang et al. [251]. SWCNHs are promising candidates as nanoparticles for nanofluid in
DASCs, among other applications. Sani et al. [252] investigated the optical and thermal
properties of nanofluids consisting in aqueous suspensions of single-wall carbon nanohorns at
different concentrations, from 0.001 g L' to 0.05 g L''. The observed nanoparticle-induced
differences in optical properties appeared promising, leading to a considerably higher sunlight
absorption. The light transmittance level of the nanofluids decreased significantly even at very
low concentrations (Figure 102). Furthermore, they found that the thermal conductivity of the
nanofluids was higher than pure water. At 0.1 g L' SWCNHs concentration the thermal
conductivity increased up to 10% with respect to that of water. The authors concluded that both
these effects, together with the possible chemical functionalization of carbon nanohorns, make
these nanofluids very interesting for increasing the overall efficiency of the sunlight exploiting

device.
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Figure 102 — Transmittance spectra for SWCNHs in water for different nanoparticle concentration. The pure

water transmittance spectrum is also shown, for comparison (dotted black line) [252].

Further research of Sani et al. [253] disclosed that water could be replaced by glycols or
water/glycol mixtures to protect against freeze damage and/or to increase the temperature for
high-temperature solar collectors. They concluded that even with glycol as base-fluid, SWCNH
could enhance remarkably the sunlight absorption with respect to pure glycol. Moreover,
SWCNHs-ethylene glycol suspension possessed longer time stability and lower ability to
agglomerate than amorphous carbon black particles-ethylene glycol suspensions. The photonic
properties improvement of SWCNHs-based nanofluid can lead to a significant increase in the
light extinction level even at very low concentration. A comparison of the absorbing energy
capabilities of SWCNH suspensions in ethylene glycol (solid line and solid symbols) and water
(dashed line and hollow symbols) is provided in Figure 103. Mercatelli et al. [254,255]
investigated the potentiality of utilizing SWCNHs with different agglomeration shapes in two
different base-fluids (water and ethylene glycol) and nominated that as a good choice for
exploiting solar radiation in DASCs. Only about 5% of the total extinction is scattered by
SWCNHSs. Scattering behaviour of SWCNHs shows little dependence on the agglomerated
nanohorns morphology (dahlia-like or bud-like). In a sequent publication, Mercatelli et al.
[254] continued their work on SWCNHs based nanofluid. They concluded that these
nanoparticles have a very low scattering albedo (not higher than 5% for red and near-infrared

wavelengths) as compared to Indian inks (about 10% to 16% scattering) and therefore the
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absorption effect was strongly prevailing. Furthermore, SWCNHs suspensions show good
stability properties as confirmed by preliminary measurements they performed over a period

of 1 year
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Figure 103 — Comparison of the absorbing energy capabilities of SWCNH suspensions in ethylene glycol

(solid line and solid symbols) and water (dashed line and hollow symbols) [253].

Recently, Moradi et al [256] performed numerical simulations of a nanofluid-based solar
receiver. The results showed that the use of nanohorn-based nanofluids implied an increase in
temperature distribution inside the fluid which had its maximum inside the bulk fluid. This
result suggested that such nanofluid-based solar collectors are quite competitive compared to
traditional collectors employing black surface tubes, where the maximum temperature is
always reached at the surface. Sani et al. found that the overall sunlight absorption properties
of SWCNHs-based nanofluids could be improved by silver nanoparticles which present good
thermal properties. Thanks to the favourable and different spectral characteristics of SWCNHs
and silver nanoparticles, the optical properties of the resulting nanofluid can be tuned by
changing both absolute and relative concentrations of nanoparticles, according to the desired
absorption length. This result is interesting for designing solar receivers with novel geometries

and optimized performances.
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Experimental stability analysis of SWCNHs-water nanofluids was carried out by Fedele et al.
[257], at different concentrations, i.e. 0.01%, 0.1%, 1% by mass. The nanoparticles were
mechanically dispersed in water at different concentrations. In order to stabilize the nanofluids,
SDS was added as a dispersant in different concentration. The ratio between nanoparticles and
dispersant mass was 1:1. A ratio of 1:3 was also considered for the lowest concentration (0.01%
by mass). Samples were measured almost every day for 30 days without and after shaking the
fluid, to evaluate the size distribution changes due to natural and the size distribution changes
after mechanically recovering the settled particles. In the latter case if a change in nanoparticles
size occurs, indicating a nanoparticle’s aggregation, then it affects the thermophysical
properties of the nanofluid. The suspension containing 0.01 wt.% of SWCNHSs and 0.03 wt.%
of SDS showed a very stable behaviour for 39 days. Water-SWCNHs containing 0.1 wt.% SDS
showed a constant diameter for both the static and stirred sample even after 25 days, suggesting
a good stability of the fluid. Analogous behaviour was shown by water-SWCNHs containing
1 wt.% SDS. In the work of Bobbo et al. [258] viscosity data of the same nanofluids considered
by Fedele et al. [257] were presented. The experimental measurements were performed at
atmospheric pressure and temperatures ranging between 283.2 K and 353.2 K. The nanofluid
showed a Newtonian behaviour at each composition. Negligible variations on the viscosity of
the nanofluids in relation to water were observed at nanoparticles concentrations up to 0.1% in
mass fraction. On the contrary, a significant increase was measured for nanoparticles
concentration of 1% in mass fraction, making this nanofluid unsuitable for heat transfer
applications. The thermal conductivity of the nanofluid presenting 0.1% concentration by mass

resulted very similar to that of pure water.
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5.2 Overview on the application of nanofluid in DASCs

Several reviews on the application of nanofluid in solar energy were published in the last years.
In the paper of Mahian et al. [259], current applications, future work and challenges of
nanofluids in solar energy have been discussed. They concluded that experimental and
numerical studies on solar collectors, in some cases, have been shown that the efficiency could

be increased remarkably by the use of nanofluids.

Javadi et al. [204] surveyed the main experimental and numerical works on the improvement
of solar collectors by using nanofluids. The review of Verma et al. [260] focused on the
progress of nanofluid application in solar collectors. Both experiments and models were
reviewed. Sarsam et al. [261] limited their revision on the use of nanofluids in conventional
solar collectors. After providing an overview of the experimental and numerical works that can
be found in the literature, the authors identified the most significant challenges on using
nanofluids in flat plate solar collectors. Muhammad et al. [262] reviewed the use of nanofluids
as heat transfer fluids and as volumetric absorbing fluids for enhancing the thermal
performance of stationary solar collectors. The authors also discussed the impact of nanofluid

usage in a solar collector based on economic and environmental viewpoints.

Other reviews on nanofluids in solar energy were presented by Bozorgan and Shafahi [263],

Abdin et al.[264], Nagarajan et al. [265], Hussein [266] and Hossain et al. [221].
5.2.1 Numerical studies on nanofluids as absorbing media in DASCs

From all these reviews, it can be observed that in the last decade much effort has been made to
perform both experimental and numerical studies. The most relevant numerical studies on the

application of nanofluids in DASCs are presented in this paragraph and listed in Table 11.

Tyagi et al. [267] studied theoretically the use of AlO; water-based nanofluids in low-
temperature DASC. Using a steady-state two-dimensional model for heat transfer, they
investigated the effects of different parameters on the efficiency of the collector. The results

revealed that the efficiency increases slightly with an increase in the size of the nanoparticles.
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Table 11 — Summary of the numerical studies on the application of nanofluids for direct solar

absorption.

Investigator(s) (Year) Application Nanoparticles / Base-fluid
Tyagi et al. (2009) Microscale DASC Aluminium / Water
Otanicar et al. (2010) DASC CNTs, graphite, and silver / Water

Al/ Water, Al/ PG, Al/EG, Al/
Khullar and Tyagi (2011) PTC DASC

Therminol® VP-1
Khullar et al. (2012) PTC DASC Aluminium / Therminol® VP-1
Veeraragavan et al. (2012) Concentrating DASC Graphite / Therminol® VP-1
Ladjevardi et al. (2013) DASC Graphite / Water

) Transparent PTC
de Risi et al. (2013) ) CuO+Ni / Nitrogen
receiver

TiOz, A1203, Ag, Cu, SiOz,

Luo et al. (2014) DASC

Rahman et al. (2014)
Parvin et al. (2014)
Hewakuruppu et al. (2015)
Cregan and Myers

(2015)

Gorji & Ranjbar (2015)
Moradi et al. (2015)

Chen et al. (2016)
Delfani et al. (2016)
Gorji and Ranjbar (2016)
Jeon et al. (2016)

Jin et al. (2016)

Lee et al. (2016)
Lietal. (2016)
Menbari et al. (2016)

Quarter-circular DASC
DASC
DASC

DASC

DASC

DASC

DASC without mass
flow

DASC
DASC

DASC

DASC without mass
flow

DASC
Concentrating DASC
PTC DASC

graphite, CNT / Texatherm® oil
MWCNTs / Water

Cu / Water

MWCNTs / Water

Al / Water

Graphite / Water
SWCNHs / Water

Ag, Au, TiO, / Water

MWCNTs / Water + glycol
Graphite, magnetite and silver /
Water

Au-nanorods / CTAB

Au / Water

MWCNTs / Water
MWCNTs / Water
CuO / Water

Otanicar et al. [222], based on the work of Tyagi et al. [267], have numerically evaluated the

thermal performance of DASC for low-temperature applications based on nanofluids made
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from a variety of nanoparticles. In addition, the numerical model was compared with
experimental data of a solar collector with direct absorption nanofluids. The experimental and
numerical results demonstrated an initial rapid increase in efficiency with volume fraction,
followed by a levelling off in efficiency as volume fraction continues to increase. They
observed efficiency improvements up to 5% in solar thermal collectors by utilizing nanofluids
for the absorption mechanism. Khullar and Tyagi [268] numerically investigated aluminium
nanoparticles dispersed in different base-fluids (water, ethylene glycol, propylene glycol and
Therminol® VP-1) for their suitability as working fluid in direct absorption linear parabolic
solar collectors finding very similar results for all four nanofluids. In the work of Khullar et al.
[269], the idea of harvesting solar radiation through the usage of nanofluid-based parabolic
solar concentrating collectors has been numerically explored. Veeraragavan et al. [270] have
analytically investigated the effect of heat losses, solar concentration, nanoparticle loading and
channel height on the efficiency of a volumetric flow receiver. Absorption of the solar radiation
was modelled as a volumetric heat release inside the flowing nanofluid. They apply the
developed model to a case study with graphite nanoparticles suspended in Therminol® VP-1.
Ladjevardi et al. [271] investigated the applicability of graphite nanofluids in direct solar
energy absorption. They developed a numerical code to study the effects of particles size and

volume fraction on the extinction coefficient and efficiency of the solar collector.

A model of transparent PTC based on gas-phase nanofluids has been presented by de Risi et
al. [272]. The proposed solar collector has been modelled by means of a discretization in space
under the assumptions of quasi steady-state conditions. The model has then been used to run
an optimization procedure to define the best geometry of the receiver. In the work of Luo et al.
[273], simulations were performed to investigate the performance of oily suspensions of
different nanoparticles as direct absorbers. Rahman et al. [274] proposed an innovative design
of quarter-circular plate DASC with variable tilt angle and solid volume fraction of carbon
nanotube (CNT) nanofluids. A wide range of solid volume fraction and tilt angle was
numerically explored. A numerical investigation on the heat transfer performance and entropy
generation of forced convection through a DASC was conducted by Parvin et al. [275].
Hewakuruppu et al. [276] introduced the concept of a nanofluid-based selective DASC, where

short wavelength absorption was maximized, but long wavelength emission was minimized, as
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happened with advanced surface absorbers. The limitations in developing selective direct
absorption solar receivers have been numerically evaluated. In the paper of Cregan and Myers
[277], an approximated analytical solution to the steady-state, two-dimensional problem for the
efficiency of an inclined nanofluid-based DASC was presented. For the first time, the model
included all the wavelength-dependent optical parameters. Gorij and Ranjbar [278]
numerically determined the flow of nanofluid and the temperature distribution in a DASC using
a computational flow dynamics (CFD) model. Response surface methodology was applied to
understand the effect of varying collector dimensions on thermal efficiency and entropy
generation of the DASC design. Moradi et al. [256] performed a three-dimensional analysis of
the flow and the temperature fields in a DASC using a CFD tool. A one-dimensional transient
heat transfer analysis was carried out by Chen et al. [279] to analyse the effects of the
nanoparticles volume fraction, channel height, irradiation time, solar flux, and nanoparticles
material on the photothermal conversion efficiency of a solar collector without mass flow. To
validate the model, the numerical results were compared with the experimental data obtained
with silver nanofluids. The thermal performance of a low-temperature flat plate DASC has
been numerically and experimentally investigated by Delfani et al. [280]. A two-dimensional
model has been developed to examine the effects of internal emissivity of the bottom wall,
nanoparticles volume fraction, collector height and nanofluid mass flow rate on the temperature
distribution inside the collector. Gorji and Ranjbar [281] presented a numerical and
experimental study focused on the application of nanofluids made from a variety of
nanoparticles in a low-flux DASC. A numerical model was developed by solving the radiative
transfer and the energy equations in ANSYS® Fluent 15.0 adopting a non-grey band discrete
ordinates (DO) method. The model was then validated through experiments with a lab-scale
DASC. Jeon et al. [282] presented a numerical study on the use of a blended plasmonic
nanofluid in a flat plate volumetric solar collector. The numerical model was developed using
COMSOL® Multiphysics. In order to evaluate the photothermal conversion efficiency of gold
nanofluids in a cylindrical tube without mass flow, Jin et al. [283] employed a new transient
three-dimensional model. The radiative transfer equation adopting Mie’s scattering theory and
heat transfer equations were solved using a finite element method powered by COMSOL®
Multiphysics. The actual solar spectrum on the ground was implemented in the model. The

results of the model were compared with the experimental data obtained under natural solar
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irradiation conditions. The work of Lee et al. [284] provided a comparative investigation of the
thermal efficiency of a volumetric receiver using MWCNTSs - water nanofluid and a surface
receiver with conventional fluid. Experiments were conducted to validate the numerical results.
Li et al. [285] experimentally and numerically investigated the potential to deliver heat in the
range of 100 °C — 250 °C using a low-profile concentrating solar thermal collector. They
compared the thermal performance of a cylindrical volumetric absorber filled witha MWCNTs
based nanofluid and a conventional tubular surface absorber using concentrating Fresnel lenses
and compound parabolic reflectors. The CFD model was developed in ANSYS® CFX. In the
publication of Menbari et al. [245], both analytically and experimentally investigations on the
effects of the volume fraction and the mass flow rate of a CuO — water nanofluid on the
efficiency of a direct absorption PTC were presented. A theoretical descriptive model was
initially developed and later it was extended to solve the coupled radiative transfer and energy
equations. Finite difference technique was employed for the numerical solution of the problem.
Standard terrestrial solar spectral irradiance distribution according to ASTM G-173-03 [286]

was used in this study.
5.2.2 Experimental studies on nanofluids as absorbing media in DASCs

The study of the available open literature reveals that, to date, the experimental investigation
of nanofluids in full-scale DASCs is in its infancy and a large effort is required to promote the
development of this technology and solve existing issues. Experimental works available in
literature mainly deal with tests on laboratory scale solar collectors which provide critical
insights into the photothermal conversion mechanisms and useful indications for the design of
larger DASCs. Tests under solar simulators at low and medium solar concentrations and no-
flow conditions have been performed at low temperature (below 100°C). They involved the
measurement of temperature distribution in the fluid bulk over time and stagnation temperature
or peak temperature achieved. In some cases, an efficiency defined as the ratio of internal
energy increase to the total incident solar energy in a given time frame is also reported. Lenert
and Wang [287] performed tests under solar simulators at medium solar concentrations and no-
flow conditions and at low temperature (below 350 K). The outcomes of their study provided

a perspective about the best usage of nanofluids as volumetric receivers in concentrated solar
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applications. In the work of Chen et al. [288], experiments allowed assessing the optimum
nanoparticles concentration in terms of peak temperature, photothermal conversion efficiency
and specific absorption rate of gold, silver and gold-silver blended based nanofluid irradiated
by a low concentrating (10 Suns) solar simulator. Initial values of the specific absorption rate,
which describes the energy absorbed per unit volume of nanoparticle and time under no-flow
conditions, may represent a qualitative parameter to preliminary assess the application of a
nanofluid in a DASC. These works allowed assessing the optimum nanoparticle concentrations
or size, leading to higher stagnation or peak temperature in a given nanofluid and comparing
the absorption properties of different nanofluids. Similar tests have been carried out in no-flow
devices with larger dimensions such as transparent glass cells [289] or glass-in-glass evacuated
tubes, as in the work of Chen et al. [290] where sunlight absorption of silver nanofluids in no-
flow glass-in-glass evacuated tubes has been experimentally investigated. Jin et al. [283]
reported that the efficiency obtained using gold nanoparticles in water inside a glass-in-glass
evacuated tube under natural sunlight decreased with increasing solar irradiance. An
experimental study under stagnation was performed by Xu et al. [291] using water with
magnetic iron nanoparticles as the working medium in glass-in-glass evacuated tubes. Some
authors presented the trend over time of the specific absorption rate, which compares the
absorption capability of the nanofluid to that of the pure base under no-flow conditions.
Actually, initial values of specific absorption rate may represent a qualitative parameter to

preliminary assess the application of a nanofluid in a DASC.

In few papers on no-flow laboratory and full-scale collectors, direct steam generation in
nanofluids under concentrated solar irradiance has been analysed through measurements of
temperature distribution, mass change or water evaporation rate and steam pressure [292-295].
Researchers agreed that, given the solar flux achievable in existing solar collectors, the steam
generation is unlikely due to nanobubbles formation around the particles whereas it is linked
to the highly localized solar absorption in the focal area, according to the mechanisms of
classical nucleation theory. In experimental investigations with nanofluids flowing across lab-
scale devices, the mass flow rate is low enough so that the thermal efficiency can be defined
considering measurable temperature rises. Otanicar et al. [222] performed tests with aqueous

nanofluids containing graphite nanoparticles, silver nanoparticles and carbon nanotubes at low
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temperature (up to 45 °C) on a direct absorption micro-collector under 1000 W m irradiance.
Lee et al. [284] compared the performance of a surface absorption and a direct absorption lab
device under concentrated irradiance (22 Suns). A suspension of multi-wall carbon nanotubes
in water has been considered for these tests. Taylor et al. [222] tested a direct absorption mini-
receiver of a parabolic dish concentrating collector having a geometric concentration ratio of
around 400 Suns and working with graphite nanoparticles in Therminol oil at temperatures up
to 250 °C. The results univocally showed that it exists an optimum nanoparticle concentration
beyond which the efficiency levels off or even decreases. In fact, at low particle mass fractions,
part of the incident irradiance is not absorbed by the nanofluid. On the other hand, at high
particle concentrations, nanofluid may become unstable, while absorption occurs at the top
layer of the nanofluid, resembling thus the thermal behaviour of a conventional surface
absorber. There are few studies concerning the application of nanofluids in small prototypes of
full-scale DASCs. To the best of the author' knowledge, available investigations on nanofluid-
based non-concentrating direct absorption technologies regard only flat plate solar collectors.
Gupta et al. [296] investigated the performance of a full-scale DASC under natural sunlight
with an alumina-based aqueous nanofluid. The collector consisted of a glass box sustained by
a wooden frame and had a size of 1.54 m x 0.9 m x 0.2 m. Tests were performed according to
a standardized steady-state test procedure, within a timeframe short enough to avoid
nanoparticles aggregation and sedimentation. Flow rates from 1.5 to 2.5 L min™ were
considered and higher performance was achieved at 2 L min! and an alumina concentration of
0.005 vol%. Karami and coworkers [280,297] tested a DASC for domestic water heating with
either CuO nanoparticles or multi-wall carbon nanotubes in water and ethylene glycol mixture.
The 0.6 m x 0.6 m prototype consisted of a toughened glass embedded in an aluminium body
and presented a channel depth of 0.01 m. Nanoparticles volume fractions from 25 to 100 ppm
were employed in test runs, performed according to a standardized steady state method
procedure. Data were collected around solar noon at nanofluids inlet temperatures from 30 °C
to 50 °C and volumetric flow rates from 54 to 90 L h!. Using both nanofluids, the collector
thermal efficiency increased with volume fraction and flow rate but with an asymptotic trend.
The same prototype of volumetric flat plate collector and the same test procedure were
considered by Vakili et al. [298] to investigate the application of three nanofluids with
nanoplatelets weight fractions of 0.0005, 0.001 and 0.005, finding that the efficiency increased.
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As a general trend, the efficiency curve for the investigated DASCs resulted as a straight line
and exhibited high optical efficiency, up to 93% when using graphene nanoplatelets in water
[298], but the stagnation point was at quite low reduced temperature differences, within 0.033

and 0.047 m?> K W,

With respect to the use of nanofluids as working fluids and direct absorbers in concentrating
solar collectors, Leong et al. [299] observed that the researchers have been given small
attention to these collectors. However, some the studies described in the literature concern
applications in small prototypes involving low concentrated solar fluxes (lower than 12 kW m"
%) have been presented. Muraleedharan et al. [300] examined the performance of AlO;
dispersions in Therminol with concentrations from 0.025 to 0.1 %vol and a constant flow rate
of 0.5 L s’ The single-axis tracking collector comprised four linear Fresnel lenses (0.55 m x
0.18 m) focusing the direct solar irradiance on four evacuated glass-in-glass tube receivers with
external and internal diameter of 15 mm and 10 mm, respectively. It was arranged in a test rig
equipped with a storage tank, where the collector outlet temperature and the net stored energy
were measured as a function of time. Results showed that using the highest nanoparticles
concentration, the 28 liters tank temperature increased from 25°C to 130°C within 3.5 hours.
Li et al. [301] compared the performance of a surface (black-chrome coated copper tube) and
a volumetric solar absorber (glass tube) arranged in a low-profile solar concentrating collector
consisting of a linear Fresnel lens, a glass envelope, a compound parabolic concentrator and an
absorber element with a geometrical concentration ratio of about 5 and with an internal tracking
system. Suspensions of multi-wall carbon nanotubes in water and Therminol with a
concentration of 50 mg L' were chosen as working fluids. Tests were carried out under
standardized steady-state outdoor conditions at a mass flow rate of 0.02 kg s and at inlet
temperatures up to 250 °C, including the use of vacuumed and non-vacuumed absorbers and
of borosilicate and ITO-coated low emissivity glass tubes. Results highlighted that the
performance of the surface absorber was higher than that of the volumetric receiver. The
authors pointed out that there is much room for reducing the heat losses in the direct absorption
solar absorber while maintaining its cost-effectiveness as compared to a conventional surface
absorber. Menbari et al. [245] presented the application of a CuO-water nanofluid in a direct

absorption parabolic trough solar collector. The single-axis tracking parabolic concentrator had
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a reflectance of 65%, an aperture width of 0.8 m and a length of 1 m. The evacuated tubular
receiver consisted of two concentric glass tubes having a diameter of 36 mm and 20 mm,
respectively. The estimated peak of concentrated solar flux was around 12 kW m™.
Experimental tests were performed at inlet temperatures within 22°C - 25°C. The results
indicated that the thermal efficiency of the concentrating collector increased with mass flow
rate and nanoparticles volume concentration, achieving a maximum value of 50% at 100 L h!
and 0.008 vol%. Similar trends were obtained by the same authors when studying the use of
different binary nanofluids in the mentioned parabolic trough collector [246]. The nanofluids
contained CuO and y-Al>O; in water and in a mixture of water and ethylene glycol. The results
showed that that highest efficiency of 50% was achieved using the 0.2 vol % Al,Os - 0.008
vol% CuO-water nanofluid at a mass flow rate of 100 L h™! and an inlet temperature around

30°C.
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5.3 Modelling of a direct absorption receiver under

concentrated solar radiation

The application of aqueous suspensions of nanoparticles as volumetric absorbers in a
concentrating direct absorption solar collector is numerically investigated. The suspension of
single-wall carbon nanohorns (SWCNHs) in water is the chosen nanofluid. In numerical
analysis such as computational fluid dynamics (CFD), the classical theory of single-phase
fluids can be applied to a nanofluid, where its physical properties are taken as a function of
properties of both constituents and their concentrations [302]. Here, the optical and thermal
behaviours of the nanofluid are modelled for a single-phase fluid according to the properties

available in the literature.

In order to gain a critical insight into the field application of direct absorption receivers under
concentrated solar irradiance, a three-dimensional CFD model of a flat volumetric receiver is
developed. The directional and spatial distribution of the concentrated solar radiation coming
from a parabolic trough concentrator is applied to the receiver geometry. The radiative heat
transfer equation (RTE) in the participating media is solved adopting the non-grey discrete
ordinates (DO) method. The RTE, and the mass and momentum conservation equations are
computed using the commercial package ANSYS® Fluent. The developed model is very useful
to evaluate the effects of nanoparticles concentration, flow field and inlet temperature on the
thermal performance of the direct absorption solar parabolic trough collector. From this
numerical investigation, the guidelines for the design and optimization of a volumetric receiver
for a solar concentrating collector are drawn. Moreover, the model is used to compare the
calculated performance of the volumetric receiver and that of a selective surface receiver under
the same operating conditions. An indirect experimental validation is performed by using

measurements in the same parabolic trough concentrator.
5.3.1 Model description

The physical domain is a flat receiver for the direct absorption of solar irradiance. The receiver

is conceived to be mounted on the focal region of the asymmetrical parabolic trough solar
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concentrator installed at the Solar Energy Conversion Lab of the Department of Industrial
Engineering at the University of Padua. Figure 104 reports a sketch of the receiver modelled
in this study. With respect to the flow channel of the nanofluid, two clear low-iron glass sheets,
having a thickness of 3 mm, form the upper wall (where the concentrated solar irradiance
arrives) and the lower wall. The side wall consists of a polyether-ether-ketone (PEEK) frame,
which contains the inlet and the outlet sections for the working fluid. PEEK is a semicrystalline
thermoplastic with excellent mechanical and chemical resistance properties that are retained to
high temperatures. The channel depth of the receiver can be set to 12 mm or 18 mm. The glass
sheets are embedded in two stainless steel frames, which give mechanical stiffness to the
structure. Both upper and lower windows have a width of 64 mm and a length of 500 mm. The
configuration of the receiver has been designed with the primary aim of evaluating the optical
performance of the nanofluid, thus, it is not aimed to maximize the efficiency of the

photothermal process.

upper window

upper stainless
steel frame

lower stainless

steel frame PEEK side walls

Figure 104 — Sketch of the receiver for direct absorption of solar concentrated irradiance and global

Cartesian system employed in CFD modelling [303].

Assuming a steady-state, incompressible flow of a Newtonian fluid inside the receiver a
solution of the Navier-Stokes equations is obtained numerically in a CFD code powered by
ANSYS® Fluent. The shear stress transport (SST) formulation of the k-w turbulence model is
implemented in the model since it was reported to be more accurate and reliable for a wide
class of flow regimes than the standard and the BSL k-w models [304]. Since the Reynolds

number in the simulations is up to 13000, the low Reynolds number correction to the turbulent
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viscosity has been applied to account for the transitional flow regime. The effect of the gravity
has also been considered in the model. The no-slip shear condition has been adopted at the

fluid-wall interface.

When the source term S in the energy balance takes into account only thermal radiation, it can

be expressed as [305]:

S = fooa/l(/l) (f ”1,1(/1, (1)) dw> dA — 4n Jooa,l(/l) Ibb,/'l(/l) dA Eq. 5.1
0 0 0

In Eq. 5.1, I, and Iy, are the radiation intensity and the blackbody re-emission intensity, «; is
the spectral absorbance of the nanofluid, @ is the solid angle and 4 is the wavelength of the
radiation. To account for the energy source term, it is necessary to solve the Radiative Transfer
Equation (RTE) which describes the balance of radiative energy through the scattering,
absorption and emission due to the interaction with the participating media in the domain. In
the nanofluid, the RTE is employed to evaluate the spectral attenuation of radiation within the
depth of a semi-transparent particulate medium. According to what reported by Modest [306],
the radiation intensity [;(7,s) for a steady-state, absorbing, emitting and scattering medium at
the position 7 in the direction § is given by:

dl(1,3)

PP —(ay +0y) (7 38) + aplyp (T, 7, 8)

oy 41
+ (EL Il(f',g') CDA(S\' ' §')da)>

Eq. 5.2

where o; is the spectral scattering coefficient, @; is the scattering phase function and §’ is the
scattering direction vector. The finite volume method chosen for solving the RTE in ANSYS®
Fluent is the discrete ordinates (DO) radiation method since it is appropriate to account for the
optical complexity of the problem. The solution of the RTE adopting the DO method leads to
a close coupling of surface temperature and radiative energy, due to the use of the same mesh
for radiative transfer, energy, mass and momentum conservation problems. As reported by
Moghimi et al. [305], this implies that the DO can be applied to complex geometries for
different participating media such as non-grey, anisotropically scattering, non-isothermal,

absorbing and emitting media. The present study concerns a direct absorption receiver, where
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the concentrated radiation enters through a semi-transparent window and interacts with an
absorbing, emitting and scattering participating medium. Due to the different optical properties
of the involved materials, the energy equation and the radiative transfer equation are uncoupled,
thus the energy and radiation intensities are solved one by one, assuming prevailing values for
other variables. Within the considered wavelength range, the optical properties of the
participating materials, i.e. glass and nanofluid, vary significantly, thus, they cannot be
acceptably modelled as grey bodies. In this work, the spectral dependence of the optical
properties of the participating media is captured by dividing the radiation spectrum of interest
into different bands. Within each band, the media are assumed as having the optical behaviour
of grey media. Then the non-grey DO model solves the radiation transfer equation for a number
of discrete solid angles, each associated with a direction: the finer the angular discretization,
the higher the computational effort. By changing the division of the octant of the angular space
from 5 to 7 solid angles along the polar extent and by maintaining the 3 solid angles along the
azimuthal extent, the model exhibits negligible effects (0.2%) on the thermal performance of
the receiver. Moreover, a 3x3 pixelation is applied on each control angle, as recommended in

this kind of problems [304].

Due to the presence of an incompressible flow, the pressure-based solver has been considered.
In order to improve the convergence speed, the momentum equations and the pressure-based
continuity equation are solved in a coupled manner using the SIMPLE algorithm together with
a standard pressure spatial discretization due to the complex nature of the flow conditions
involving turbulence. The Green-Gauss node based gradient is adopted since it is known to be
more accurate than the cell-based gradient particularly on irregular unstructured meshes [304].
A second-order upwind spatial discretization scheme has been chosen to solve the energy
problem to assure a more accurate solution. For the other scalar equations, a first-order upwind

spatial discretization scheme is set.

A convergence criterion has been imposed on the residuals of the governing equations: they
should be less than 107 for continuity and flow field parameters, less than 10 for discrete
ordinate radiation intensities and less than 107 for energy equation. When these conditions are
reached, the total heat flux balance is checked. In the simulations, the deviation for the heat

flow rate is never above 1%.
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The computational domain consists of the portion of volume from the inlet of the absorption
region under the upper window to the outlet chamber realized between the PEEK layers
downstream the absorption region, the two glass sheets, the stainless steel frames and the PEEK
walls. This domain has been used for simulations to analyse the thermal performance of the
present direct absorption solar collector. The inlet and the outlet sections are supposed adiabatic
and a symmetry condition has been applied on the centreline plane of the receiver, to reduce
the number of finite volume elements. ANSYS® ICEM has been employed for the mesh
generation. A structured mesh is applied to the participating media. To model adequately the
regions where the higher gradients of radiation intensity and velocity occur, a refinement of
the mesh has been done near the upper windows and near the other solid walls of the fluid
channel. The non-participating media, where only conduction heat transfer takes place, are
meshed in an unstructured way. To evaluate the sensitivity of the numerical solution to the cells
number, the results obtained from the meshes generated with 1.5x10° cells and 2.6x10° cells
have been compared: no significant difference in terms of thermal performance of the receiver
has been observed. Hence, in order to reduce the computational cost, the mesh including

1.5x10° cells has been adopted for all the simulations.

Preliminary CFD simulations considering the volume of fluid from the inlet pipe upstream the
receiver up to one-third of the channel length has been conducted in order to obtain the velocity
field profile at the inlet of the receiver for a given mass flow rate. An SST k- turbulence model
has been included in these simulations as well as the gravitational effect. The obtained velocity
profile and the inlet temperature have been applied as boundary conditions to the inlet section

of the channel.

The heat losses on the external surfaces towards the surroundings are due to thermal convection
and radiation. The temperature of the external free stream has been imposed equal to 300 K,
while the sky temperature is set equal to 293 K. The emissivity of each material has been
specified (for glass sheets, the external emissivity is set 0.9). As done in many previous
publications [280-282], the external convective heat transfer coefficient is set equal to 10 W

m K!: this assumption is needed because external conditions may vary.
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The solar direct irradiance incident onto the upper window of the receiver is derived from the
previous study on the present asymmetrical concentrator. A value for the total optical error of
5 mrad has been prudently considered and the desired number of ray intersections has been set
equal to 3x10%. The optical model in SolTrace [107] as Monte Carlo ray-tracing tool (see
Chapter 3) is used to define a dimension of the front window the present receiver (64 mm wide)
to achieve an intercept factor of 98%. A direct normal irradiance of 900 W m-2 has been
assumed to calculate the reduced temperature difference and to define the solar flux distribution
profile. The resulting incident radiant power is equal to 1234 W for all the simulated cases.
Furthermore, the Monte Carlo ray-tracing tool helps in the definition of two input quantities:
the average profile of the solar flux distribution and the direction of each ray hitting the upper
glass surface along the receiver width. According to the generated mesh, a code has been
developed in Matlab® environment to calculate the average direction of the incident
concentrated irradiance on each facet of the upper glass sheet. These directions were then
included as a boundary condition of the upper external surface. The resulting mean angle of
incidence of the concentrated solar beams is around 24°. The profile of the concentrated solar
flux distribution in a wavelength band is obtained proportionally to the average profile for the

whole solar spectrum, considering the percent content of solar irradiance in each band.

The radiation spectrum considered in the model extends from 300 nm to 100000 nm, including
the solar spectrum and the infrared wavelengths, in order to account for the thermal emission.
The considered direct and circumsolar spectral irradiance are defined as given in the standard
ASTM G-173 [286]. Assuming the reflectance of the parabolic mirror constant within the solar
spectrum, the concentration of solar radiation entails only an increase of the spectral intensity
proportional to the concentration ratio. According to this hypothesis, the incident direct

irradiance is divided in the different wavelength bands implemented in the DO method.

Two types of glass have been considered for the model of the direct absorption receiver. In
both cases, the thermophysical properties of glass are supposed temperature independent. The
first type of glass sheets is provided with an anti-reflective treatment, to achieve high
transmittance in the wavelength range between 300 nm and around 2500 nm, which is the most
interesting band for solar thermal applications. Generally, anti-reflective treatment is obtained

by deposing thin films with different refraction indexes. In ANSYS® Fluent code, the
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reflectance of a semi-transparent surface at the interface between two different media results
as a function of the refraction indexes of the media, the incident angle and the transmission
angle. From the spectral transmittance of this type of glass, equivalent refraction index and
extinction coefficient have been defined for each grey band, assuming that the percent reflected

irradiance 1s around twice that of absorbed irradiance.

The second type of glass is a floated borosilicate glass without anti-reflective coating. In this
case, the manufacturer provides both the spectral dependence of transmittance and refraction
index up to 2500 nm, so that the absorbance can be easily derived. In the wavelength range
between 2500 nm and 100000 nm, each kind of glass is supposed to be opaque, thus, a minor
part of the incident irradiance is reflected and the remainder is absorbed. Figure 105 reports the

nominal spectral transmittance of the two types of glass, as provided by the manufacturers.
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Figure 105 — Nominal spectral dependence of the transmittance for the two types of glass considered in this

paper: clear low-iron glass with an anti-reflective coating (blue) and of the borosilicate glass (red).

The fluid acting as solar radiation absorber is an aqueous suspension of single-wall carbon
nanohorns (SWCNHSs). Sani and coworkers [252-255] illustrated the preparation procedure

and measured thermal and optical properties of these nanofluids at different concentrations.
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These suspensions proved to be very promising for increasing the efficiency of solar thermal
collectors. Based on the data reported in the works referenced above and considering the
geometry of the receiver, four different concentrations have been considered: 0.05 g L™, 0.02
gL' 0.01 gL"and 0.006 g L"\. Due to the small amount of nanoparticles suspended in these
fluids, the thermophysical properties are assumed equal to those of pure water. Density, thermal
conductivity, specific heat and dynamic viscosity have been calculated using NIST REFPROP®
version 9 database [109], within the working temperature range from 300 K to 413 K, at which
the nanofluid proved to be stable [254]. The temperature dependence of each thermophysical
property is captured by using a polynomial interpolation, which is then implemented in the

numerical code.

With regard to the optical properties, the small concentration of nanoparticle entails a
negligible variation of the refraction index from the base-fluid, as shown by Taylor et al. [224].
On the other hand, Sani et al. [252] demonstrated that the presence of SWCNHs causes an
outstanding increase of the extinction coefficient as compared to the pure base-fluid in the
wavelength range from 300 nm to 1400 nm. At higher wavelength, water absorption becomes
dominant. The extinction coefficient represents, in its general form, the sum of the absorption
and scattering coefficient. The development of the present model accepts the conservative
hypothesis of considering the scattering coefficient of the nanofluid equal to 5% of the
extinction coefficient for a given wavelength [253]. Therefore, since the mutual influence in
radiation among nanoparticles is very limited, the effect of in-scattering within the nanofluid
can be reasonably neglected. When a wavelength band from 630 nm to 2100 nm is considered,
the absorbance of the nanofluid is considered equal to the average absorbance within the
limited range between 630 nm and 1400 nm. This conservative hypothesis is taken so that the
radiative balance is not affected by the very high absorbance of water. Table 12 summarizes

the properties of the participating materials, considering the band discretization.

Regarding the non-participating media, i.e. stainless steel and PEEK, it is necessary to specify
the values of density, specific heat, thermal conductivity and emissivity. The thermophysical
properties are needed for the computation of the conduction heat transfer. The emissivity is
required to characterize the opaque surfaces at the interfaces between the participating and the

non-participating materials. The reflection of the radiation incident on these interfaces is
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considered completely diffuse. Table 13 summarizes the properties of the non-participating
materials, considering the band discretization. It is worth mentioning that the emissivity of the
PEEK for wavelengths higher than 2000 nm is taken from the work of Giilhan and Braun [307],
while no data seems to be available for the emissivity at lower wavelengths, hence it is assumed

equal to that of PTFE.

Table 12 — Properties of the participating materials implemented in ANSYS® Fluent code

Participating materials

Thermophysical properties Optical properties
p ¢ k u yl n a c®
(kgm?) (Jkg'K") (Wm'K") (Pas) (nm) (-) (m") (m")
300-630 1.340 878
Nanofluid p(T) ¢ (T) k(T) w(T) 630-2100 1.321 594 40
0.05gL"! 2100-2400 1.288 1973
Over 2400 1.25 3244
300-630 1.340 310
Nanofluid p(T) ¢ (T) k(T) u(T) 630-2100 1.321 262 18
0.02gL! 2100-2400 1.288 1973
Over 2400 1.25 3244
300-630 1.340 151
630-1100  1.328 102
Nanofluid p(T) ¢ (T) k (T) w(T) 1100-1300 1.323 164 13
0.01 gL! 1300-2100 1.314 496
2100-2400 1.290 1973
Over 2400 1.260 3244
300-630 1.340 91
630-1100  1.328 66
Nanofluid p (T) ¢y (T) k(T) w(T) 1100-1300  1.323 136 1
0.006 g L! 1300-2100 1.314 577

2100-2400 1290 1973

Over2400 1260 3244

300-630 1223 1.65

Glass 630-2100 131  2.85

+ 22 1.2 -
00 830 2100-2400 1.43 4.5 0

AR coating
Over 2400 1.45 5000
300-630 1.48 1.7
Float 630-2100  1.475 9
2200 830 1.2 - 0
glass 2100-2400 146 279

Over 2400 1.46 5000
@ scattering coefficient cannot be expressed as a function of the wavelength in ANSYS® FLUENT
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Table 13 — Properties of the non-participating materials implemented in ANSYS® FLUENT code.

Non-participating materials

Thermophysical properties

Optical properties
P Cp k Wavelengths €
kgm?)  (kg'KH  (Wm'KY) (nm) (-)
300-630 0.12®
630-2100 0.12®
PEEK 1800 1700 0.2 2100-2400 0.12
Over 2400 0.95
300-630 0.4
Stainless 630-2100 0.4
1 1
steel 7900 50 3 2100-2400 0.4
Over 2400 0.25

® PEEK emissivity for wavelengths up to 2000 nm is assumed equal to that of PTFE.

5.3.2 Results of the simulations

Several simulations have been performed with the aim of investigating the effect of glass
optical properties, nanofluid inlet temperature, mass flow rate and nanoparticles concentration
on the efficiency of the device. When analysing the effect of the inlet temperature, the thermal
behaviour of the direct absorption receiver has been compared against that of a traditional
surface receiver. The latter uses a copper sheet provided with a selective coating that replaces
the top glass sheet. In the numerical simulations, the mass flow rate ranges from 98 kg h™! to
378 kg h'! and the inlet temperature varies from 300 K to 413 K. Simulations have been
performed in the receiver configuration described above, but the bottom glass may be replaced
with an insulating layer or a reflective surface. Table 14 lists the cases of the present numerical

simulations: the channel depth is equal to 12 mm if not otherwise specified.

Two simulations have been carried out to evaluate the effect of the optical properties of the two
glasses at a nanoparticles concentration of 0.05 g L™, a mass flow rate of 378 kg h! and 300 K
nanofluid inlet temperature. In order to completely absorb the incident radiation, a channel
depth of 12 mm is considered. In fact, as reported in the work by Sani et al. [252], the
investigated nanofluid is able to absorb all the incident irradiance within a penetration depth of
10 mm. This is confirmed from Figure 106: the incident radiation is totally extinct before

reaching the bottom glass sheet.
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Table 14 — Operating conditions of the present numerical simulations.

Cases

SWCNHs concentration,

C
(gLh

Inlet temperature,

T
X

Mass flow rate,
m

(kgh™)

Notes

2-4

5-7

12-15

16

17

18

19

20

21

0.05

0.05

0.05

0.05

0 (pure water)

0.02

0.02

0.01

0.01

0.006

0.006

300

300, 345, 393

300, 345, 393

300, 345, 393, 413

300, 345,393,413

393

393

393

393

393

393

378

378,371,358

106, 104, 98

378,371,358, 351

378,371,358, 351

358

358

358

358

358

358

upper and lower
borosilicate glass

upper and lower anti-
reflective glass

upper and lower anti-
reflective glass

upper anti-reflective
glass
+ insulated and
reflective bottom

copper with selective
coating
+ insulated bottom

upper and lower anti-
reflective glass

upper anti-reflective
glass
+ insulated and
reflective bottom

upper anti-reflective
glass
+ insulated and
reflective bottom

Anti-reflective glass
+ insulated and
reflective bottom
+ channel depth of 18
mm

upper anti-reflective
glass
+ insulated and
reflective bottom

Anti-reflective glass
+ insulated and
reflective bottom
+ channel depth of 18
mm
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Figure 106 — Extinction of incident radiation (W m™) when considering a concentration ¢ = 0.05 g L' of

SWCNHs in water and a channel depth of 12 mm (Case 2 in Table 14): cross-section of the channel (a);

(@

central part of the symmetry plane of the receiver (b). The fluid flows along the x-axis.

Under these conditions, given that the increase of the fluid temperature inside the receiver is
lower than 3 K, the reduced temperature difference (Eq. 3.2) is very close to zero. This means
that, in both cases, the calculated performance of the receiver is not significantly affected by
the heat dissipation. The efficiency of the receiver results equal to 96.3% when the anti-
reflective glass is employed and 93.9% for the borosilicate glass. The resulting efficiencies of
the receiver in these cases reasonably represent the average transmittance of the two types of
glass in the solar spectrum. They result slightly higher than the average values calculated from
the spectral transmittance graphs provided by the manufacturers, which, however, are referred
to normal incidence in air. This can be explained by the following considerations. First, the
average angle of incidence of the concentrated solar flux is around 24°, which means that the
glass transmittance is negligibly affected by the non-normal incidence of the focused solar
beams. Secondly, the glass is in contact with air on one side and with water on the other side.

As illustrated, the reflectance can be obtained from the refractive indexes of two interfacing
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media: the higher the difference of these indexes, the higher the amount of reflected radiation.
On the back side of the upper window, the reflectance at the interface between glass and
nanofluid (which has the same refraction index of water) is lower than that calculated at the
front interface between air and glass. In light of the above, the assumptions made during the

numerical simulations on the anti-reflective glass seem to be reasonable.

Simulations are performed considering a nanofluid with a concentration of SWCNHs of 0.05
g L' entering the receiver with an insulated bottom at temperatures of 300 K, 345 K, 393 K
and 413 K, within the temperature range where the stability of the nanofluid has been
experimentally demonstrated. Therefore, the reduced temperature difference ranges from 0.001
K m? W' t00.128 K m?> W', A channel depth of 12 mm is considered. Since the inlet velocity
profile remains the same in all the cases while the density of the nanofluid varies as a function
of temperature, the mass flow rate decreases from 378 kg h!' to 351 kg h''. This percent
deviation of around 7% meets the requirements of the standard ISO 9806:2013 [110] for testing
solar collectors, which recommends that the mass flow rate shall not vary more than 10% from
one test period to another. To determine the efficiency of the linear solar concentrating collector
neol, the receiver efficiency 7. calculated accordingly to Eq. 3.8 is multiplied by the intercept
factor (98%) and by the nominal reflectance of the back-silvered parabolic mirrors (96%).
Hence, the collector thermal efficiency obtained from the numerical simulations can be plotted
as a function of the reduced temperature difference to define the efficiency curve (Figure 107).
The thermal efficiency of the collector (including the optical losses of the concentrating trough)
decreases from 90.6% at 0 K m* W' to 77.2% at 0.128 K m* W': this represents a really
promising result. For comparison, the same graph in Figure 107 reports the efficiency curve
obtained from an experimental study of an aluminium flat bar-and-plate absorber having a
width of 70 mm and mounted on the same concentrator [89] In this device, the surface
absorption of the concentrated solar flux is promoted by a black thickness insensitive selective
coating and the channel where the operating fluid flows is provided by an offset-strip turbulator
to enhance the heat transfer. From Figure 107, it can be observed that, despite the innovative
concept of the bar-and-plate receiver, adopting an advanced minichannel geometry, the
efficiency is lower than that numerically calculated for the volumetric receiver. In particular,

the higher optical efficiency (at T,," = 0 K m? W) attained using the volumetric receiver is due
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to the direct absorption of all the concentrated solar flux by the nanofluid within the channel

depth.
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Figure 107 — Comparison of the efficiency curves of the solar linear concentrating collector: numerical
simulations of the nanofluid volumetric receiver (Cases 8-11 in Table 14); numerical simulations of the

selective surface receiver (Cases 12-15 in Table 14) and experimental data of a bar-and-plate receiver.

Regarding the bar-and-plate receiver, the absorption is limited by the absorbance of the
employed black coating which is around 90%. Furthermore, the trend of the efficiency with
increasing reduced temperature difference is related to the heat losses towards the surrounding
external ambient. It is worth to mention that the volumetric receiver exhibits a better thermal
insulation than the bar-and-plate receiver, which is provided by a layer of rockwool only on
the rear. On the other hand, the thermal emittance coefficient of the selective coating is equal
to 45%, while the emittance coefficient of the top glass window in the volumetric receiver

configuration is assumed equal to 90%.

In order to present a fairer comparison, the graph includes also the efficiency curve obtained
from the simulations of a surface-absorption receiver that has the same geometry of the
volumetric receiver and works with water. The concentrated solar flux is absorbed by the
selective coating of a top copper sheet, which has a solar absorbance of 94% and a thermal

emittance of 11%. As can be seen from Figure 107., in the considered temperature range, the
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thermal efficiency of the collector using the volumetric receiver once again is higher than that
using the selective surface. This can be explained by the fact that the direct absorption of solar
concentrated irradiance by the fluid bulk reduces the optical losses and avoids the thermal
resistance between the absorber plate and the fluid in the surface-absorption receiver. In other
words, as Figure 108 demonstrates, when working at the same ambient conditions, the
temperature of the external surface of the volumetric receiver's top glass is lower than the

external copper selective surface of the conventional receiver.
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Figure 108 — Contours of temperature (K) of the external top surface when the fluid enters the receiver at
393 K: (a) surface-absorption receiver (Case 14 in Table 14); (b) volumetric receiver working with a
nanofluid with a concentration ¢ = 0.05 g L' of SWCNHs in water (Case 10 in Table 14). For both the

receivers, the rear is thermally insulated.

When the working fluid enters the receiver at 393 K, the calculated average external top surface
temperature is equal to 393.5 K for the volumetric receiver and to 408.8 K for the surface-
absorption receiver (Figure 108). Comparable results were obtained by Lee et al. [284], despite
the differences in the materials, optical characteristics, system configuration and considered
nanofluids. In their work, a surface receiver with conventional base-fluids and a volumetric

receiver with water-based MWCNTs nanofluids have been compared by means of analytical
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and experimental approaches. Based on their analysis, the efficiency of the nanofluid-based

volumetric receiver resulted 10% higher than that of the surface receiver.

Because of the non-uniform distribution of the concentrated solar flux, at a given cross-section
of the external top surface, the maximum temperature is reached in the centre. The contours

plots reported in Figure 109 refer to a cross-section of the flow channel at 2 cm from the outlet.
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Figure 109 — Contours of temperature (K) of the fluid cross-section at 2 cm from the outlet: (a) surface-
absorption receiver (Case 14 in Table 14); (b) volumetric receiver working with a nanofluid with a
concentration ¢ = 0.05 g L' of SWCNHs in water (Case 10 in Table 14). For both the receivers, the fluids

enter at 393 K and the rear is thermally insulated.

Furthermore, due to the heating of the working fluid, the peak temperature on the top surface
is attained close to the outlet section of the channel. There, the calculated temperature gradient
along y on the top of the volumetric receiver is higher than the one of the surface-absorption
receiver. Since the peak temperature may affect the thermal performance of the volumetric
receiver, especially when longer receivers are investigated, it may be useful to analyse and
compare the temperature distributions of the two receivers at a cross-section of the fluid

channel close to the outlet. Regarding the volumetric receiver, in agreement with the extinction
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of incident radiation reported in Table 12, only the layers of nanofluid close to the centreline
of the upper window display a significant temperature increase. While the average fluid
temperature on the outlet section is equal to 395.5 K, at the interface with the upper window,
just before the outlet, the fluid reaches a maximum temperature of 414 K. This indicates that
the investigated concentration of 0.05 g L' may not be the optimal one because the receiver
thermal behaviour at the outlet tends to that observed for a surface-absorption receiver. Hence,

there may be room for optimization using lower SWCHNs concentrations.

The mass flow rate, ranging from 378 kg h™! to 351 kg h™! in the present simulations, is such
that the Reynolds number related to the fluid cross-section results higher than 10000 when
working with an inlet temperature over 393 K, whatever the channel depth. In order to
investigate the effects of the nanofluid flow rate inside the channel of the receiver, simulations
are conducted at even lower inlet velocity, with a constant SWCNHSs concentration of 0.05 g
L' and three different inlet temperatures of the nanofluid (300 K, 345 K and 393 K). The lower
values of mass flow rate have been defined in agreement with the standard ISO 9806:201,
where a mass flow rate equal to 0.02 kg s™! per square meter of the aperture area is established
for testing conventional liquid heating solar collectors. The aperture area in the present analysis
has been computed as the product of the concentrator aperture width (2.9 m) and the volumetric
receiver length (0.5 m). Since the thermophysical properties of the nanofluid vary as a function
of temperature and the inlet velocity profile remains the same in all the cases, the mass flow
rate decreases from 106 kg h™! to 98 kg h'!' when increasing the fluid inlet temperature. The
simulations have been performed considering a configuration of the receiver with upper and
lower anti-reflective glass and 12 mm channel depth. At the lower mass flow rate (98 - 106 kg
h!), the difference between the outlet and the inlet temperature is around 3.6 times the one
attained when considering the higher mass flow rate (358 - 378 kg h!). The results show that
the receiver efficiency is negligibly affected by the operating mass flow rate for the considered
geometry. Nevertheless, the temperature distribution within the nanofluid close to the channel
outlet is substantially worsened when working at the lower mass flow rate. With respect to the
simulations performed at 393 K inlet temperature and at 98 kg h™!, the peak temperature at the

channel cross-section at 2 cm from the outlet is 476 K, as reported in Figure 110.
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Figure 110 — Contours of temperature (K) of the fluid cross-section at 2 cm from the outlet of the volumetric
receiver working with a nanofluid with a concentration ¢ = 0.05 g L-1 of SWCNHs in water at (a) m = 358 kg
h-1 (Case 4 in Table 14); (b) m = 98 kg h-1 (Case 7 in Table 14). For both the receivers, the fluids enter at
393 K and the rear is made of glass.

This temperature distribution can be explained by considering that the nanofluid needs a longer
time to cross the channel, thus it absorbs a higher amount of solar energy and gets extremely
hot just below the top glass window close to the receiver outlet. In a longer volumetric receiver,
this could lead to a lower efficiency. Moreover, since the thermal gradient between the two
faces of the upper window increases when the nanofluid flow rate is reduced, a lower lifetime
of the glass may be expected. For these considerations, the numerical studies at lower

SWCNHs concentrations in water have been performed considering the higher mass flow rate.

The nanoparticles concentration in the nanofluid should be carefully optimized because its
value can be used to adjust the absorbance of the nanofluid. An increase of nanoparticles
concentration in the nanofluid results in a shorter absorption path for the absorption of the
radiation inside the fluid. The higher concentration of the absorbed energy causes an increase

of the temperature on the top surface and therefore the heat losses to the environment increase.
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As concluded by Moradi et al. [256], this characteristic makes the thermal behaviour of the
direct absorption receiver similar to that of a surface absorber, as in this case the maximum of
the temperature distribution is always located at the top surface. For this reason, the thermal
efficiency of the volumetric absorber working with a SWCNHSs concentration higher than 0.05
g L1 is expected to be lower than that obtained at 0.05 g L™! concentration and therefore it is
not further investigated. On the other hand, when considering a SWCNHs concentration lower
than 0.05 g L', in the receiver configuration with front and bottom glass, the 12 mm depth is
not enough to attain a 100% absorbed solar energy fraction. Therefore, part of the incident
radiation is lost from the bottom window. This effect can be seen in Figure 111 reporting the
extinction of the incident concentrated radiation on the cross-section of the channel when using

aqueous suspensions of SWCHNs with concentration ranging from 0.05 g L' to 0.006 g L.
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Figure 111 — Extinction of incident radiation (W m-2) at a cross-section of the 12 mm deep channel
considering different concentrations of SWCNHs in water: (a) c= 0.05 g L' (Case 10 in Table 14), (b) c=
0.02 g L (Case 17 in Table 14); (c) c= 0.01 g L' (Case 18 in Table 14); (d) c= 0.006 g L' (Case 20 in
Table 14).
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At a concentration of 0.02 g L' SWCNHs in water, the penetration distance is around 20 mm
[255] and, within the 12 mm deep channel, around 95% of the incident radiation is absorbed.
Consequently, for the case of 393 K inlet temperature in the configuration with upper and lower
glass windows, the efficiency of the receiver is 83.5% at 0.05 g L' concentration while it is
79.5% at 0.02 g L' concentration. When employing a nanoparticles concentration lower than
0.05 g L'!, it may result appropriate to arrange a reflective layer on the rear part of the receiver.
Actually, this reflecting surface may be either specular reflective or Lambertian reflective. In
this way, the fraction of transmitted radiation intensity is sent back to the absorbing nanofluid
and this would increase the overall efficiency. If this expedient is not sufficient to obtain a good

efficiency, a deeper channel should be adopted.

To prove the validity of this argument, the results of two numerical simulations have been
compared, considering an inlet temperature of 393 K, to account for the heat dissipation
towards the surrounding ambient. In the first case, the performance of a nanofluid with a
SWCNHs concentration of a 0.05 g L™! has been evaluated inside a receiver where the bottom
window has been replaced with an insulated bottom made of PEEK without any reflective
surface. In the second case, a nanofluid with the lower concentration of 0.02 g L' has been
considered in a receiver provided with an insulated bottom having the properties of PEEK and
supposing a specular reflective surface at fluid-bottom wall interface. The specular reflectance
of this interface is assumed 95%. At the highest concentration (0.05 g L), the efficiency
increases by around 1.5%, reaching the value of 84.8%: this small difference can be explained
by the reduction in thermal losses from the lower part of the receiver thanks to the presence of
the insulating layer. On the other hand, at a SWCNHs concentration of 0.02 g L', the predicted
efficiency of the receiver increases by 5.4% up to 84.9%. This increase is partly due to the
reduced heat losses from the rear of the receiver, but primarily to the longer optical path of the

solar irradiance within the nanofluid bulk.

Numerical simulations implementing nanofluids with further reduced SWCNHs concentrations
of 0.01 g L' and 0.006 g L'! show that the adoption of the reflective and thermally insulating
layer on the rear part of the 12 mm deep receiver leads to lower receiver efficiency of 81.8%
and 76.0%, respectively. Nevertheless, as the SWCNHs concentration decreases, the

temperature distribution close to the outlet of the receiver is more and more uniform and the
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peak temperature is closer to the outlet average temperature. As an example, Figure 112 reports
the temperature contours in the channel cross-section of the 12 mm deep receiver, at a distance
of 48 cm from the inlet, resulting from the simulations performed with all the investigated

nanofluids entering at 393 K.
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Figure 112 — Contours of temperature (K) of the fluid cross-section at 48 cm from the inlet of the volumetric
receiver working with nanofluids with different concentrations of SWCNHs in water (a) c= 0.05 g L' (Case
10 in Table 14); (b) c= 0.02 g L' (Case 17 in Table 14); (c) c= 0.01 g L (Case 18 in Table 14); (d) c=
0.006 g L (Case 20 in Table 14). All the simulations refer to 393 K inlet temperature; the receiver is

provided with thermal insulation and reflecting layer on the rear.

The presence of a thermal insulation and a reflective layer on the rear has been considered
according to the above-mentioned analyses. The calculated peak temperatures are equal to 407
K, 405 K and 403 K when implementing 0.02 g L™}, 0.01 g L! and 0.006 g L' as SWCNHs

concentrations in water, respectively (Figure 112).

Similar results, displaying a decrease of the receiver thermal efficiency when decreasing the
nanoparticles concentration have been already reported in the scientific literature, even with

different types of nanoparticles [246,256,281,283,284].
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In order to increase the receiver efficiency with SWCNHs based nanofluids having lower
concentrations (0.01 g L' and 0.006 g L), simulations have been performed considering a
receiver with the insulated and reflective bottom and an increased depth of 18 mm. Once again,
the nanofluids enter the channel at 393 K. In both the studied cases, the receiver efficiency
increases reaching 84.2 % for 0.01 g L'! nanoparticle concentration and 80.7% for 0.006 g L.
Thus, adjusting the receiver configuration, it is possible to decrease the SWCHNs

concentration in the nanofluid down to 0.01 g L™ without significant performance penalization.
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Figure 113 — Calculated receiver efficiencies at varying SWCHNs concentrations c (g L) and channel
depths obtained from the simulations: receiver with a reflective bottom and 393 K inlet temperature of the

nanofluid (Cases 10, 17, 18, 19, 20 and 21 in Table 14).).

The graph of Figure 113 sums up the calculated receiver efficiencies for a constant nanofluid
inlet temperature of 393 K as a function of the SWCHNs concentration and the channel depth
in a configuration with thermal insulated and reflective bottom. In a future perspective, the use
of a very low SWCHNSs concentration nanofluid may facilitate the establishment of production
methodologies to achieve a long-term stable working fluid. Furthermore, it could contribute to
the cost-effectiveness of the direct absorption receiver for solar concentrating collectors.
However, it is worth to mention that the employed nanoparticles are available on the market at

a cost lower than 5 €/g.



Planar volumetric receiver for absorbing nanofluid 264

5.4 Design of a direct absorption solar receiver using nanofluid

as direct absorbing media

A new volumetric planar receiver has been designed and fabricated to test the direct absorption
of the concentrated solar radiation in a volume of single-wall carbon nanohorn (SWCNH)-
based aqueous nanofluid. The geometry of the volumetric receiver is not optimized to
maximize the energy efficiency of the collector, but the design of this test section is aimed at
developing a receiver that allows the evaluation of the optical capability of nanofluids to absorb

a high concentrated solar flux within their volume.

Two clear low-iron glass sheets, having a thickness of 3 mm, form the front (where the solar
irradiance is concentrated) and the rear surfaces of the receiver. The width of the front window
of the receiver is 64 mm to achieve an intercept factor of 98%. The glass on the rear part of the
channel is used to trap only the solar radiation absorbed by the nanofluid, and hence allowing
the measurement of the heat gain due to the mere nanofluid optical absorption. The numerical
analyses presented in the previous Paragraph highlighted that the optical properties of the front
glass window, play a key role in the definition of the optical characteristics of the volumetric
solar receiver. The glass sheets are provided with an anti-reflective coating, to achieve high
transmittance in the wavelength range between 300 nm and 2400 nm, which is the most
interesting for solar thermal applications. A sample of the glass used in the receiver has been
optically characterized. The resulting spectral dependence of the glass transmittance is shown
in Figure 114. The glass sheets are embedded in two stainless steel frames, which give
mechanical stiffness to the full structure. A thin layer of PTFE is interposed between glass and
frames, to protect the glass itself. The front steel frame has a thickness of 6 mm, while the rear

steel frame is 10 mm thick to host the threads for the tube fittings for nanofluid inlet and outlet.

The test section is aimed to tests the solar absorption capability of nanofluids consisting of
suspensions of single-wall carbon nanohorns in distilled water with a concentration of 0.02 g
ranging from 0.02 g L' to 0.05 g L', This range of concentration of SWCNHs was chosen
based on the results of the simulations presented above. In fact, it has been observed that
increasing the nanoparticles concentration makes the receiver thermal behaviour more and

more similar to that of a surface-absorption device leading to increased heat losses in full-size
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receivers. Furthermore, the optimization of the nanoparticles concentration should lead to the
lowest possible concentration so as to simplify the production method, address possible long-

term stability issues, improve the thermal behaviour and the cost-effectiveness of the receiver.
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Figure 114 — Spectral transmittance characterization of the glass used in the test section.

In the design of any direct absorption receiver, it is crucial that the channel depth meet the
optical penetration depth of the nanofluid which depends on the nanoparticles concentration.
With this purpose, according to the results of Sani et al. [253] a modular configuration which
allows varying the channel depth between 12 mm and 18 mm is adopted to define the geometry
of the new volumetric receiver. The modular structure presents two or three PEEK frames that
can be combined to form the side walls of the flow channel. The choice to use PEEK as the
frame’s material is due to its excellent mechanical and chemical resistance properties up to
240°C and its good thermal insulation (0.25 W m™ K- thermal conductivity). Inlet and the
outlet semicircular chambers for the nanofluid are obtained by shaping the PEEK frames and
are connected to two threaded holes in the stainless steel frame on the rear part of the receiver.
A diffuser is interposed between the PEEK frames to cause a localized pressure loss which
allows a uniform distribution of the nanofluid across the section of the flow channel. The
nanofluid enters the receiver through the inlet section, accumulates in the semi-circularly
shaped chamber between the PEEK frames and passes through the diffusor before flowing

along the channel where it gets exposed to the concentrated solar radiation and lastly exits from
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the receiver. A CFD analysis has been carried out in ANSYS Fluent® to find the optimal
geometry of the diffuser in order to provide an even flow distribution in the receiver [308]. All
the layers of the receiver are kept together by tightening several bolts and nuts on the stainless
steel frames. Viton® fluoroelastomer chords have been placed between the glass sheets and the
PEEK frames, and on the inlet and outlet connections to guarantee hydraulic sealing of the

volumetric receiver. Sketches of the proposed receiver are reported in Figure 115.
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Figure 115 — Compact (a) and exploded (b) views of the volumetric receiver for direct absorption of solar

concentrated irradiance.
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Once the width and the depth of the channel are defined, it is possible to calculate the mass
flow rate which allows a turbulent flow regime. In the previous numerical simulations, it has
been observed that this flow condition may lead to a safer and more efficient operation. In fact,
at low mass flow rates, the nanofluid had more time to absorb and convert concentrated solar
flux into heat causing high thermal gradients on the glass. The length of the glass window is
set to 500 mm to allow operating pressure up to 2.5 bar (). Nevertheless, this limited length
permits to collect sufficient radiative thermal power in order to be measured by means of the
nanofluid temperature difference between inlet and outlet of the receiver with a low

measurement error.
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5.5 Experimental characterization of a direct absorption

receiver in a full-scale solar concentrating collector

An experimental investigation using a single-wall carbon nanohorn (SWCNH)-based aqueous
nanofluid in the designed direct absorption receiver has been conducted. The nanofluid used
here, present a SWCNHs concentration of 0.02 g L! and although it displays excellent optical
properties and potentially low cost, has never been tested in a full-scale solar collector under
realistic operating conditions. During the tests, the channel depth of 18 mm has been adopted.
This depth assures the extinction of more than 95% of the incident light under laboratory
conditions [252]. Several experiments have been set up to investigate the capability of this
nanofluid in collecting solar radiation and verify its stability when exposed to concentrated and

non-concentrated solar flux with and without circulation.
5.5.1 Nanofluid preparation and optical characterization

The concentration of nanoparticles in the base-fluid has been observed to have a significant
impact on the optical behaviour of the nanofluid. In fact, at low particle mass fractions, part of
the incident irradiance is not absorbed by the nanofluid. On the other hand, at high particle
concentrations, nanofluid may become unstable, while absorption occurs at the top layer of the
nanofluid, resembling thus the thermal behaviour of a conventional surface absorber.
Therefore, it is fundamental to characterize the optical properties of the chosen nanofluid at its
specific concentration in order to meet the optical characteristics of the considered volumetric
absorber. Furthermore, the stability of nanofluids is fundamental for the maintenance of
thermal, rheological and optical properties during their application in DASCs. When dispersed
in a liquid, nanoparticles tend to aggregate and precipitate, leading to a variation in the fluid
composition and, consequently, in its properties. Hence, the optimization of the nanofluid

preparation method is essential [257].

Dahlia-like aggregates of single-wall carbon nanohorns were provided by the company
Carbonium S.r.1. and were produced by a process based on rapid condensation of carbon atoms

without any catalyst and with highly reduced production costs [309] and an estimated market
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price lower than 3 €/g. The morphological characterization of the nanoparticles was
performed by Field Emission - Scanning Electron Microscopy (FE-SEM) with a SIGMA
Zeiss instrument (Carl Zeiss SMT Ltd, UK). Figure 116 reports an example of FE-SEM
micrograph for SWCNHs powder. The mean dimension of carbon nanohorns, evaluated by
means of the software ImagelJ 1J 1.46r, was equal to 80 + 6 nm. The aggregation is due to the

drying process in preparing the specimen to perform FE-SEM observation.

Figure 116 — FE-SEM micrograph of carbon nanohorn powder.

The SWCNHs suspension for tests in a DASC was prepared at the Institute of Condensed
Matter Chemistry and Technology for Energy (ICMATE) of the National Council of the
Research (CNR) in Padova, Italy. The nanofluid preparation described in the work of Bortolato
et al. [310] is schematically summarized in Figure 117. The suspension containing 0.02 g L!
of SWCNHs in a water solution where sodium dodecyl sulfate (SDS) was chosen as a surfactant
(SWCNH:SDS = 4:1 by weight) was prepared according to the following procedure. First, 250
ml of a solution containing 0.005 g L' of SDS in water was prepared, afterward, 0.05 g L™! of
SWCNHSs were dispersed in this solution by a first homogenization with an ultrasonic processor
(VCX 130, Sonics & Materials) at 20 kHz and 65 W for 10 min. Therefore, a high-pressure
homogenizer (Panda, GEA Niro Soavi, 1000 bar) was employed for 15 min to optimize the
dispersion. Finally, all batches prepared were diluted to achieve 7 liters of the 0.02 g I'! of
SWCNHs suspension.
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Figure 117 — Schematic of the SWCNHs -water/SDS nanofluid preparation.

The use of SDS as surfactant results fundamental to achieve a stable nanofluid under laboratory
conditions. In fact, the -potential for suspensions with SDS as surfactant resulted much higher
in modulus (-44 mV) than that for suspensions without SDS (about -8 mV). Furthermore, the
homogenization process was optimized: samples of nanofluids have been produced considering
various homogenization times (from 0 to 60 min homogenization) and, for each sample, a
quantitative analysis on SWCNHSs size distribution in water was carried out by Dynamic Light
Scattering (DLS, Zetasizer Nano, Malvern). This analysis reveals the possible presence of
unwanted settling and clustering phenomena. The measurements were performed for 15 days
on a static sample (i.e. not undergone to stirring before measurements) and a 15 min
homogenization processing has been found to be the optimum in terms of stability. Figure 118
reports the mean aggregate size measured by means of the DLS technique for 15 days in
suspensions for non-homogenized (0 min) and for 15 min homogenized sample: the decreasing
of aggregate size and the stability with time of the sample after 15 min homogenization can be

clearly observed in this Figure.

The suspension stability with temperature was qualitatively evaluated by placing samples in an
autoclave at 150°C and about 5 bar for 24 hours. Only the samples prepared with
homogenization showed no aggregation and/or settling after this test. Figure 119 shows a SEM
micrograph of the homogenized sample, where no modifications of carbon nanohorns

morphology were detected as compared to the only sonicated sample.
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Figure 118 — Mean aggregate size of SWCNHs measured by DLS for 15 days in aqueous suspensions for

non-homogenized (0 min) and for 15 min homogenized sample.

Figure 119 — SEM micrograph of 15 min homogenized nanofluid sample.

The compatibility and stability of the SWCNHs suspension with the materials used in the test
rig have been verified in laboratory tests conducted by immersion of samples of the material in
the prepared suspension. No aggregation and/or settling has been observed. Considering the
very low SWCNHs concentration, the thermophysical properties (thermal conductivity and

viscosity) were verified to be analogous to the base-fluid (water).

According to a preliminary optical characterization [253] of SWCNHs nanofluid under
laboratory test conditions, the suspension containing 0.02 g L' of SWCNHs in water assures

the complete extinction of the incident light in a depth greater than about 24 mm (Figure 120).
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From the same Figure 120, it can be appreciated how SWCNHs dramatically change optical

properties of the fluid, as pure water has a considerable lower sunlight absorption.
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Figure 120 — Comparison of the absorbing energy capabilities of a suspension containing 0.02 g L' of
SWCNHs in water (continue line) and pure water (dashed line).

For diagnostic purposes, considering the different preparation technique of the present
suspension with the one presented in [253], the optical extinction spectra have been measured
in the spectral range 200-2500 nm on the sample studied in this experiment, by the Italian
National Institute of Optics (INO) of the National Council of the Research (CNR) in Florence,
Italy. The measurement is carried out using a double-beam spectrophotometer (Perkin Elmer

Lambda 900) and holding the sample in cells with 50 +1140 pm-thicknesses [311].

Figure 121 reports the spectral extinction coefficient of the suspension tested in the
concentrator (0.02 g L' of SWCNHs in water) in the spectral range 200-1400 nm. A good
agreement with previous works was found. It should be noticed that for carbon nanohorn
suspensions, the extinction coefficient gives a good approximation of absorption properties
since the optical scattering can be considered negligible [255] In fact, as shown by Mercatelli
et al. [254], SWCNHs have a very low scattering albedo (not higher than 5% for red and near-

infrared wavelengths) as compared to Indian inks.
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Before the test campaign, in order to avoid any effects due to exposure of the nanofluid to the
external environment, the fluid has been kept at ambient temperature in a tank protected by the

sunlight.
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Figure 121 — Experimental extinction coefficient of a suspension containing 0.02 g L* of SWCNHs in water,

15 minutes homogenization time.

5.5.2 Experimental apparatus

The first experiment on the nanofluid is performed under the concentrated solar flux in the
focal region of the asymmetrical parabolic trough installed in the Solar Energy Conversion Lab

of the Industrial Engineering Department, at the University of Padova.

The designed planar volumetric receiver is placed in the central section of the first mirrors row
of the parabolic trough. This position assures that the front window of the receiver is exposed
to the most uniform concentrated solar radiation along the flow channel length because its
distribution is not affected by border effect. In order to minimize the incidence angle of the
concentrated beams, the front surface of the flat receiver is tilted at 45° to the plane containing
the focal line and the vertex line of the parabolic trough. The receiver is mounted on two
vertical aluminium supports sustained by a horizontal bar parallel to the focal line of the
parabolic trough concentrator. The ends of the receiver's front steel frame are equipped with

reflecting aluminium layers to avoid any contribution of solar flux absorption (Figure 122).
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The support structure is placed to avoid any shadow on the reflecting surface of the

concentrator.

A first class Kipp & Zonen CHP1 pyrheliometer mounted on a high precision EKO Instruments
STR-22G solar tracker is used to measure the direct normal irradiance (DNI). The wind speed
on the horizontal plane is measured by an anemometer while the ambient air temperature is

gauged by a Pt100 RTD.

Figure 122 — Volumetric receiver arranged on the vertical supports under concentrated solar radiation

during a test run.

The test facility includes a primary loop arranged on board the concentrating collector and a
secondary cooling loop. Both loops are thermally insulated by a 13 mm thick extruded
elastomeric foam to limit heat losses towards the surroundings. The pipes and the
instrumentations on board the collector are shielded from the concentrated solar beams that can
strike them during the initial positioning. In the primary loop (Figure 123), after exiting the
receiver, the nanofluid enters a tube-in-tube heat exchanger that acts as a heat sink: the heat
flow rate provided by the concentrated solar irradiance is taken away by a secondary water

flow. A parallel pipe with a regulation valve is included to eventually bypass the heat exchanger
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and reduce the heat transfer from the nanofluid to the secondary loop for operation at
temperatures higher than 100°C. Afterward, the nanofluid is sent to an independently
controlled rotary vane pump (Nuert PR4ASXV) magnetically coupled to a variable speed
electric motor. This pump is used to set the mass flow rate, which is measured by a Coriolis

effect mass flow meter (Siemens SITRAN FC MASS2100).
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Figure 123 — Schematic of the experimental test rig.

The pressure of the primary loop is regulated by a hydropneumatics accumulator with a
fluoroelastomer membrane. Before entering the receiver, the nanofluid passes through a
preheating section which consists of a heating wire wrapped around a stainless steel tube. The
electrical heater is connected to a solid-state relay which is governed by a PID temperature
controller. The PID controller uses a T-type thermocouple as a probe to monitor the trend of
the external wall temperature of the stainless steel pipe downstream of the preheating section.

Three high precision absolute pressure transmitters (STS ATM.1ST) have been connected to
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the primary loop pressure taps to gauge the pressure at the inlet and outlet of the receiver and
at the outlet of the tube-in-tube heat exchanger. The temperatures of the nanofluid at inlet and
outlet of the receiver and downstream of the heat exchanger are measured by Pt100 resistance
temperature detectors (RTDs). A vent valve sits at the highest point of the primary loop to
eventually remove the non-condensable gases trapped in the circuit. In the secondary cooling
loop (Figure 123), the water coming from the tube-in-tube heat exchanger enters the first
storage and passes through a plate heat exchanger, where the heat gained from the primary loop
is wasted to the groundwater of the building central plant. Afterward, the cooling water enters
a second storage that is provided with four electrical heaters. The controls on the secondary
mass flow rate and inlet temperature are useful to achieve constant conditions of the primary
working fluid at the inlet of the receiver. An Agilent 34970A Data Acquisition / Data Logger
Switch Unit registers the electrical signal coming from the sensors and transmitters with a

sampling rate of 3 seconds.

A second experiment is carried out to establish the capability of the nanofluid in collecting
solar radiation and verify its stability when exposed to non-concentrated solar radiation with
and without circulation. To determine the energy performance of the nanofluid as a direct
absorber for non-concentrated solar radiation, the test apparatus presented above has been
modified to match the necessities dictated by the new test conditions. First, the solar tracking
system of the concentrator has been modified in order to position the rear window of the
absorber perpendicular to the direct normal radiation coming from the Sun. To avoid any
unwanted reflection of the solar radiation from the solar concentrator, the front window of the
receiver has been shielded by a metal plate. Due to the much lower intensity of the global
irradiance compared to the concentrated solar flux for which the receiver was originally
conceived, the temperature increase in the nanofluid during its passage in the volumetric
receiver results barely detectable by the RTDs placed at the inlet and outlet of the receiver. For
this reason, a new technique to measure the absorption efficiency of the volumetric receiver
based on its radiative balance has been adopted. A schematic representation of the modified
apparatus is reported in Figure 124. A first pyranometer, Kipp & Zonen CM11, is mounted on
the same receiving plane (rear windows) of the test section, while a second device (Kipp &

Zonen CM11) is installed on the metal shield facing the front glass windows (Figure 125).
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These radiometers allow measuring the incident and the transmitted irradiance through the test
section. Proper covers are adopted to protect the sensor of the second pyranometer from the

solar radiation coming from the spaces between receiver’s rear plate and metal shield.

Concentrated solar
radiation shield

Pyranometer _
(Trasmitted Solar Radiation)

S

Pyranometer
(Incident Radiation)

Figure 124 — Schematic representation of the modified test section during test runs under non-concentrated

solar radiation.

Figure 125 — Pyranometers for the measurement of the incoming solar radiation on the receiving plane and
the transmitted solar radiation through the test section. The picture was taken before the circuit was filled

with the nanofluid.
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5.5.3 Experimental procedure and data reduction

Before the test runs, the primary loop is evacuated and then it is filled with the nanofluid by
using a centrifugal pump. The residual air content is removed by circulating the nanofluid at
high mass flow rate while keeping the vent valve open. During both experimental campaigns,
a preconditioning period of 20 minutes has been observed as indicated in the standard [110].
During each test sequence, the measured data are averaged every 5 minutes: in other words,
each measured value presented is the average value of 100 recordings while the collector is
working under steady-state conditions, according to the specifications of EN ISO 9806:2013.
Experimental test runs were conducted at a nanofluid mass flow rate of about 350 kg h™!, which
allows to a transition flow regime in the receiver. Working with lower mass flow rates leads to
a higher residence time of the nanofluid in the receiver and to an increased mean temperature.
Furthermore, a laminar flow regime may cause a significant temperature gradient across the
front glass windows and thus increases the risk of cracks formation in the glass induced by

thermal stresses.

All the measured quantities recorded by the data logger are reduced in a MathWorks Matlab®
ambient by calculating the fluid properties with NIST Refprop Version 9.0 [109]

During the tests under concentrated solar radiation, the experimental data are collected and
reduced according to the quasi-dynamic test method described in the European Standard EN
ISO 9806:2013. Prior to the test, the distribution of concentrated solar flux has been
experimentally defined using the solar flux mapping system including a water-cooled heat flux
microsensor mounted on a semi-automatic two-axes linear system as described in Chapter 2.
By using the experimental technique described and the measurement of the direct normal
irradiance (DNI), it is possible to calculate the radiative power incident on the front windows
of the volumetric receiver. This parameter allows the definition of the receiver thermal
efficiency 77 Eq. 3.8, which represents the capability of the absorbing device in converting
concentrated solar energy into useful thermal energy and it is independent on the optical and
tracking characteristics of the solar concentrator. The performance of a solar collector is
evaluated by plotting the thermal efficiency of the receiver 7, and the collector7..; (Eq. 3.1) as

a function of the reduced temperature difference (Eq. 3.2). The concentration of the
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nanoparticles in the nanofluid has been monitored collecting samples of the bulk nanofluid at

the beginning and at the end of each test sequence.

During the under non-concentrated solar radiation, the efficiency of the receiver is evaluated
based on the radiative balance of the receiver. The irradiance fraction Zuss,gross absorbed by the
test section can be calculated from the difference between the incident irradiance /i, and the

transmitted irradiance [qns through the receiver:

Iabs,gross = Iinc - Itrans Eq. 5.3

The subscript ‘gross’ in the symbol for the absorbed irradiance Zuss gross refer to the fact this
term does not represent the mere absorption of the solar irradiance in the nanofluid but takes
into account also optical and thermal losses of the receiver. Hence, in the calculation of the

efficiency of the receiver, the term 7, 055es accounting of these losses has been introduced:

Iinc - Itrans
Ny = 771',gross - nr,losses -y Eq. 5.4

I — Nrlosses
inc

The evaluation of the term 7). 1055es has been based on the results obtained from preliminary tests
conducted on the test section when the nanofluid was replaced by nitrogen under very similar
ambient conditions (7, near 0 K W' m?). During these preliminary test, light and heavy types
of side cover for the rear pyranometer have been tested. No significant difference between the
two types of covers has been detected, and the average ratio between absorbed and incident
irradiance resulted of 19%. When the side cover was removed the ratio decrease down to 16%.
The consistency of the measurement conducted with the two pyranometers Kipp & Zonen
CM11 was check through a direct comparison of the irradiance measured by the two
instruments. Good agreement was observed between the two set of measurements with an error

within 0.2%, which results much lower than their experimental uncertainties.
5.5.4 Experimental uncertainty analysis

An uncertainty analysis has been performed in agreement with the guidelines provided by the
"Guide to the Expression of Uncertainty in Measurement" [37]. Type A uncertainty arises from
the statistical analysis of repeated observations and, in the present tests, it comes out

considering 100 readings collected over the averaging time of 5 minutes. A list of the Type B
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uncertainties of the measured parameters considered in these experiments is reported in Table

15 (confidence level of 95%).

Table 15 — Type B uncertainty (confidence level 95%) of measured parameters during the experimental

campaign on the use of SWCNHSs — water nanofluid in a volumetric solar receiver.

Ambient air temperature +0.1°C
Fluid temperature in primary and secondary loops  + 0.035°C
Nanofluid mass flow rate +0.3 kgh'!
Pressure of the fluid in the primary loop + 0.023 bar

Direct normal irradiance

Temperature response +0.5% of measured value
Non-linearity +0.2% of measured value
Spectral response +2% of measured value
Zero offset B +1 W/m?

Incident and transmitted irradiances
Directional response +10 W/m?
Temperature response +1% of measured value
Non-linearity +0.5% of measured value
Spectral response +2% of measured value
Zero offset B +2 W/m?

Wind speed + (0.1 m/s + 1% of measured value)

The uncertainty analysis, here adopted for the pyrheliometer and the pyranometers to measure
incident and absorbed irradiances, is based on the procedure described by Padovan and Del
Col [11], who show how to apply the method by ISO [37] to the irradiance measurements with
thermopile pyranometers. The type B uncertainty of the RTDs in the primary loop results from
the calibration procedure performed using high precision four-wire RTDs calibrated up to
150°C. As described in the previous Chapters, the combined standard uncertainty of the
parameters that are not directly measured can be calculated by applying the law of error
propagation. The expanded experimental uncertainty is obtained by multiplying the relevant
standard uncertainty by a coverage factor equal to 2, which corresponds to a level of confidence

0of 95%.
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5.5.5 Experimental results under concentrated solar radiation

The first experimental campaign has been carried out under the concentrated solar flux of the
asymmetrical parabolic trough using the same load of SWCNHs nanofluid with a concentration
of 0.02 g L in two clear-sky days. A total of 71 data points has been collected. During the
tests, the thermal efficiency of the receiver has been evaluated under similar ambient
conditions. In the first test day, the direct normal irradiance was between 920 W m™ and 960
W m and the ambient air temperature between 27°C and 29°C. The direct normal irradiance
during the second test varied between 780 W m? and 680 W m? with an ambient air
temperature around 36°C. The nanofluid in the primary loop has been maintained at a mass
flow rate close to 350 kg h™! for both test sequences and its temperature at the inlet of the
receiver was equal to 33°C. The average difference between the mean temperature of the
nanofluid and the ambient air temperature was 7 K and -2 K during the first and the second test
sequences, respectively. That means that the collected data are only slightly affected by the
heat losses, therefore the calculated collector thermal efficiencies are mostly affected by the

optical efficiency of the present direct absorption concentrating collector.

Figure 126 depicts the volumetric receiver efficiency 7, (Eq. 3.9) with the corresponding error
bands against the exposure time of the nanofluid under concentrated solar irradiance. The
expanded experimental uncertainty on the receiver efficiency ranges between +3.5% and
+5.5%. The time in the horizontal axis of Figure 126 represents the actual exposure time of the
nanofluid to the concentrated solar radiation. During the first test day, the receiver efficiency
did not vary significantly and a maximum value of 87% has been achieved. This efficiency is
lower than what was expected from the optical characterization tests on the nanofluid
performed in the laboratory (Figure 120). A plausible reason for this could be the saturation of
absorption in the nanofluid at high incident intensities. This phenomenon has been recently
checked at two discrete wavelengths in the green and infrared regions, finding that SWCNHs
show a non-linear optical effect at higher energy densities than the radiative flux measured in
the present experiment. However, no indication so far is available regarding the optical effect
at high radiative intensity in the whole solar spectrum. Another possible explanation may be
addressed to some kind of instability of the nanofluid due to the mere circulation in the

apparatus. From Figure 126, a continuous decrease of the performance of the nanofluid-based
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device during the second test day can be seen. After eight hours under solar concentrated
radiation, the receiver efficiency was equal to 69%. This result clearly indicates that a
progressive degradation of the optical properties occurs when the nanofluid is exposed at high
concentrated solar flux. The degradation of the absorption capacity of the nanofluid is due to
the instability of the SWCNHs suspension in the present concentrating collector. In fact, when
monitoring the aspect of the nanofluid inside the receiver channel during the experimental
campaign, the change in the working fluid aspect indicates a variation of the nanoparticles

concentration due agglomeration and precipitation phenomena.
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Figure 126 — Experimental receiver efficiency versus exposure time of the receiver under concentrated solar
radiation (First test day: DNI: 920 — 960 W m™, Ty 27 — 29°C; Second test day: DNI: 680 — 780 W m™?,
Tamp: 35— 38°C).

Figure 127 presents three pictures of the flow channel (volumetric absorber) taken respectively,
at the beginning of the test campaign (before being exposed to the concentrated solar radiation),
between the first and the second test day (exposure time 3 h) and at the end of the test campaign
(exposure time 8 h). When taking these picture, samples of the bulk nanofluid has been
collected in order to characterize the concentration of the SWCNHs in the aqueous solution.

As can be observed on the top picture, which shows the initial conditions of the nanofluid with
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a nanoparticles concentration of 0.02 g L'!, the flow channel appears dark and opaque. In the
central picture, the paper behind the receiver can be clearly seen and the nanofluid looks like a
semi-transparent brownish liquid. The analysis of the corresponding sample reveals that this
change in colour and transparency is due to the reduction of the SWCNHSs concentration down
to 0.01 g L. In the bottom picture, the nanofluid has lost almost completely its initial colour,
resembling the aspect of pure water. The nanoparticles concentration of the sample
corresponding to this last picture results equal to 0.004 g L'!. These concentrations of SWCNHs
into suspension reported in Figure 127 have been estimated from the absorbance corresponding
to the interband 7 plasmon peak at the wavelength of about 260 nm, typical of SWCNHs and

other graphene-based nanostructure [312], as shown in Figure 128.

Exposure time =0 h
(Concentration 0.02 g L)

Exposure time =3 h
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by = Exposure time = 8 h
Ay sk ) | I U N I P D I (Concentration 0.004 g L)
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Figure 127 — Pictures of the nanofluid volume in the flow channel of the receiver taken at different exposure

times.

The concentrations have been calculated using the Lambert-Beer law:
A=glC Eq. 5.5

where 4 is the absorbance, €, is the molar extinction coefficient, / is the beam path length and
C is the concentration. Optical transmittance spectra at room temperature have been obtained

using a double-beam UV—-vis spectrophotometer (Perkin Elmer Lambda 35) from 200 nm to
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1100 nm wavelength. The SWCNHs suspensions have been held in quartz cuvettes, with 1

mm beam path length.
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Figure 128 — Absorbance spectra of SWCNHs in the original suspension (pristine) and after the first and

second test runs.

A possible explanation for the observed instability of the SWCNHSs suspension is the rapid
degradation of the polymeric surfactant when exposed to the highly concentrated solar
radiation. Another possibility is the irreversible desorption of surfactant molecules from the
surface of nanoparticles due to the local overheating. Both mechanisms can lead to a decreased
{-potential of the suspension due to the loss of charge on the surface of nanoparticles, besides
to the loss of steric stabilization, and thus to the agglomeration of the SWCNHs. DLS
measurements after the test runs revealed that the average size of aggregates shifted from 143
nm for the original suspension to 95 nm and 81 nm after the first and second test day,
respectively. This means that the biggest aggregates or particles tend to coalesce and
precipitate, thus not participating to radiation absorption into the collector. (-potential
measurements showed a reduction in absolute value from -44 mV to -35 mV and -32 mV after

the first and second test day, respectively.

Beyond the encountered stability issue, the initial performance of the volumetric receiver is
very promising. In Figure 129, a comparison between the performance achieved using the

present volumetric receiver and the flat bar-and-plate surface-absorption receiver mounted on
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the same asymmetrical parabolic trough is reported. The plot shows the collector experimental
thermal efficiencies (Eq. 3.1) against the reduced temperature difference. Furthermore, the
efficiency curve for the concentrating collector including the bar-and-plate surface-absorption
receiver is also depicted (dashed line). In the present tests with the volumetric receiver, the
reduced temperature difference was between -0.006 K m*> W' and 0.009 K m?> W', The
expanded experimental uncertainty on the collector thermal efficiency ranges between +2.8%
and +4.9% while the maximum expanded experimental uncertainty on the reduced temperature

difference is of £0.0003 K m? W',
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Figure 129 — Comparison of experimental thermal efficiencies of parabolic trough collector using the present
volumetric receiver (red circles and blue diamonds) against the same collector using a surface receiver and

water as the working fluid (yellow triangles).

Figure 129 shows that the two systems present the same thermal efficiency at 0.0075 K m*> W-
!, This corresponds to the average reduced temperature difference during the first test
campaign. As mentioned in Paragraph 5.4, the design of the volumetric receiver was not aimed
to maximize the photothermal conversion efficiency, thus there is margin to increase the values

of the thermal efficiency of the present DASC. For example, by replacing the glass on the rear
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of the receiver with a reflective material and an insulation layer as suggested by the numerical

results obtained in Paragraph 5.3.
5.5.6 Experimental results under non-concentrated solar radiation

As mentioned above, the observed instability in the nanofluid during the test performed under
concentrated solar radiation may be explained by a rapid degradation of the polymeric
surfactant or an irreversible desorption of surfactant molecules from the surface of
nanoparticles. This trend could be a hint of surfactant degradation during the exposure to
concentrated solar flux. Furthermore, it is not clear how the fluid circulation can contribute to
the aggregation of the SWCN:ss. In order to detect the causes of the nanoparticle agglomeration

occurring in the nanofluid, some new experiments have been performed.
5.5.6.1 Experimental results under non-concentrated solar radiation with circulation

A first experimental investigation was carried out with the aim to establish the capability of the
nanofluid in collecting solar radiation and verify its stability when exposed to non-concentrated
solar radiation. Three test sequences were performed during two consecutive clear-sky days
collecting 64 experimental data. The first test sequence was carried out in the afternoon of the
first test day. The incident irradiance on the receiver plane was between 850 W m and 980 W
m™ and the ambient air temperature between 27°C and 31°C. The second day, tests have been
performed during the morning and the afternoon. In the morning test sequence, the incident
irradiance ranged from 880 W m™ to 1005 W m™ with an ambient air temperature between
24°C and 28°C. In the afternoon, the intermittent passage of clouds led to less stable conditions
with an incident irradiance that varied between 330 W m? and 840 W m™ with an average
ambient temperature around 31 °C. The nanofluid in the primary loop has been maintained at
a mass flow rate close to 350 kg h™! for all test sequences and its temperature at the inlet of the
receiver was around 35°C. The average difference between the mean temperature of the
nanofluid and the ambient air temperature was 8 K and -2 K during the first and the second test
sequences, respectively. That means that the reduced temperature difference resulted between
-0.0017 K W' m? and 0.0239 K W' m? (uncertainty +0.0006 K W' m?) thus, the calculated

efficiencies are mostly affected by the optical efficiency of the collector. In this regard, the
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preliminary tests conducted with nitrogen in the test section can be considered suitable for the

evaluation of the term 7, /o555 in Eq. 5.4.

Figure 130 depicts the volumetric receiver efficiency 7 (Eq. 5.4) with the corresponding error
bands against the exposure time of the nanofluid under non-concentrated solar irradiance. The
expanded experimental uncertainty on the receiver efficiency ranges between +9.7% and
+12.3%. The receiver efficiency curve resulting from the test under concentrated solar radiation
(dashed line) is also reported in this Figure. The horizontal axis refers to the actual exposure

time of the nanofluid to solar radiation.
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Figure 130 — Experimental receiver efficiency versus exposure time of the receiver under non-concentrated
solar radiation. The efficiency curves refer to the test under non-concentrated (continuous line) and
concentrated solar radiation (dashed line).

Figure 130 shows that a continuous decrease of the performance of the nanofluid-based device
is present during the tests under non-concentrated solar radiation. During the first test day, the
receiver efficiency decreases already from the maximum value of 79% down to 74%. After six
hours and a half under solar radiation, the receiver efficiency was equal to 66%. This result

shows that the progressive degradation of the optical properties occurs also when the nanofluid
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is exposed to non-concentrated solar radiation and circulated in the test loop. Figure 131 reports
six pictures of the samples of the nanofluid collected respectively at the beginning and at the
end of each test sequence. As can be observed, a progressive change in colour and transparency
occurs from the first to the last sample revealing that the degradation of the optical properties

of the nanofluids is still caused by its instability (nanoparticles agglomeration).

First day Second day, morning Second day, afternoon
(start) (end) (start) (end) (start) (end)

Figure 131 — Pictures of the nanofluid samples collected at the beginning and the end of each test sequence

performed under non-concentrated solar radiation.

The SWCNHs concentrations in the suspension reported in Figure 132 have been calculated
using the Lambert-Beer law (Eq. 5.5) from the absorbance value corresponding to their
interband 7 plasmon peak at the wavelength of about 260 nm, as shown in Figure 133. It must
be mentioned that the higher SWCNHs concentration in the sample collected at the beginning
of the last test sequence (second day, afternoon) as compared to that collected at the end of the
second test sequence (second day, morning) is due to the circulation of the nanofluid present
in the bypass section during a manoeuvre operated between the morning and the afternoon test
sequences. Apart from the initial circulation of the nanofluid at a high mass flow rate to remove
the residual air content, the fluid present in the bypass section was not circulated and has not
been exposed to solar radiation at all. Thus, it is expected that this nanofluid at the time of the
manoeuvre possessed a higher SWCNHs concentration than that of the nanofluid circulating

in the test section, which was subject to both circulation and exposition to sunlight. The
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increased SWCNHs concentration may explain the higher efficiencies of the receiver displayed

in the initial period of the last test sequence (Figure 130).
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Figure 132 — Concentration of SWCNHs in the nanofluid at the start and the end of each test sequence under

non-concentrated solar radiation.

By comparing the experimental efficiency of the receiver measured during the test under non-
concentrated solar radiation with the efficiency curve obtained from the tests under
concentrated solar radiation, it can be observed that the decreasing trend of the thermal
performance of the receiver is very similar. Furthermore, even if the solar radiation incident on
the receiver was significantly lower, no slowing down in the degradation of the absorption
capacity of the nanofluid is observed. The difference in the efficiency value between the two
experimental campaigns can be justified by the lower initial SWCNHs concentration (0.0176
g L'!) of the nanofluid collected during the second experiment as compared to that starting
value (0.02 g L") measured for the test under concentrated solar radiation. Furthermore, the
adoption of different procedures and measurement techniques for the estimation of the thermal
performance of the receiver can constitute a further source of the detected efficiency

discrepancies. In particular, the term 7, 1055es In Eq. 5.4 can be overestimated because it accounts
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optical losses of the receiver, especially of the rear glass, which may not occur when the circuit

was filled with nanofluid.
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Figure 133 — Absorbance spectra of SWCNHs in the nanofluid at the start and the end of each test sequence

under non-concentrated solar radiation.

The experimental results presented above show that the decrease of the thermal efficiency of
the receiver over the exposure time when the SWCNH based nanofluid is circulated in the test
loop and exposed to non-concentrated solar radiation has a very similar trend to that resulting
from the experiments under concentrated solar radiation due to the instability (nanoparticles
agglomeration) of the nanofluid. Hence, it can be concluded that the exposure of the nanofluid

to an intense concentrated solar flux is not the cause of nanofluids degradation.
5.5.6.2 Experimental results under non-concentrated solar radiation without circulation

In order to investigate the effects on the absorption capability of the nanofluid caused by the
mere exposure to solar radiation, a new experiment was set up. The volumetric receiver has
been filled with a new load of nanofluid having a SWCNHs concentration of 0.02 g L™!. The
receiver has been exposed to solar radiation without circulating the nanofluid. Incident and
transmitted irradiances through the receiver have been measured as well as temperature and

pressure of the nanofluid in the receiver. The experiment has been carried out during ten non-
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consecutive days during which the receiver has been exposed to non-concentrated solar
radiation for a cumulative time equal to 65 hours. The signals of the measuring devices were

acquired every 3 s and were averaged over a period of 5 minutes

Figure 134 display the measured gross receiver efficiency as a function of the exposure time.
The variations in the efficiency during each test sequence are mainly due to the variability in
the environmental conditions (air temperature and sky cover) and were all within the
experimental uncertainty £10%. It is interesting to note that during each test, a stable condition
has been reached after a period of around 20-30 minutes. This period is in line with the
preconditioning period suggested by the European Standard EN ISO 9806:2013. A slightly
decreasing trend of the gross efficiency of the receiver can be observed in Figure 134. The
average efficiency slightly decreases from of 99.2% down to 98.3%. This decrease is

significantly smaller with respect to those detected in the previous experiments.
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Figure 134 — Experimental receiver gross efficiency versus exposure time of the receiver under non-

concentrated solar radiation without circulation of the nanofluid.

These results show that the mere exposure of the nanofluid to the solar radiation does not
significantly affect the gross efficiency of the receiver, therefore it is reasonable to suppose
that the interaction between solar radiation and aqueous suspension of SWCNs presents
negligible effects on the stability of the nanofluid and on its optical absorption capability over

short period under solar radiation.
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5.5.6.3 Experimental results in circulation without exposure to solar radiation

According to the experimental results obtained when the nanofluid has been exposed to
concentrated solar radiation with and without circulation, the instability of the nanofluid may
be caused by the mechanical stress induced in the nanofluid by its circulation in the nanofluid
in the experimental circuit on board of the solar concentrator. To investigate this aspect, the
nanofluid used to performs the tests under non-concentrated solar radiation has been circulated
for 12 hours in the collector circuit without being exposed to sunlight at a mass flow rate close
to 350 kg h'!. The average temperature of the receiver during these tests was 35°C, while the
ambient air was 29°C. The initial SWCNHs concentration in the nanofluid was equal to 0.006
g L', which was the last concentration measured during the test under non-concentrated solar
radiation with circulation. Figure 135 shows the nanofluids samples collected at different times
during the circulation test with the respective value of SWCNHs concentration in the nanofluid.
The concentrations have been calculated using the Lambert-Beer law (Eq. 5.5) from the
absorbance value corresponding to the interband 7 plasmon peak at the wavelength of about

260 nm.
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Figure 135 — Picture of the samples collected during the circulation test on the nanofluid. The concentration

of SWCNHs in the nanofluid (g L) and the circulation time (hh:mm) are reported above each sample.
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The chart in Figure 136 reports the SWCNHs concentration suspended in water for the
collected samples as a function of the circulation time. For the sake of completeness, also the
concentration obtained from the test under non-concentrated solar radiation with circulation

and that of the pristine are represented in this Figure.
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Figure 136 — Concentration of SWCNHs in the nanofluid versus circulation time.

From the values of the nanoparticles concentration reported in Figure 135 and Figure 136, it is
clear that the agglomeration in the nanofluid still occurs when the nanofluid is circulated in the
experimental test circuit without being exposed to the solar radiation. The decrease of the
concentration is not linear with time. After 21 hours of circulation since the nanofluid was
filled in the circuit, the SWCNHSs concentration results 10 times smaller than the value of the
pristine (0.02 g L''). Compared to the value (0.006 g L') measured at the beginning of the test
without exposition to sunlight, the concentration at the end of the test is decreased by a factor
3 (0.002 g L"). These results suggest that the instability of the nanofluid detected in the
previous tests may be addressed to the mechanical stress in the nanofluid when circulated in

the test loop.






Conclusions

In this thesis, the results of the investigation on advanced technologies for linear concentrating
solar collector conducted in the Solar Energy Conversion Lab of the Industrial Engineering

Department, at the University of Padova, were presented.

The study started with the analysis of different estimation procedures for the assessment of the
solar radiation availability in concentrating systems in two sites (Padova and Trisaia). This
study has shown that sky variability affected the accuracy of the considered separation models
in the estimation of short-term (minute and hour) and long-term (day, month and season) direct
normal irradiance, proving the high sensitivity of the correlations to the sky conditions.
Furthermore, the considered models showed different behaviour for the two sites under
investigation even under clear-sky conditions; this suggested that their accuracy was also
affected by local climatic and atmospheric conditions, which can be site-dependent. With
regard to the indirect derivation of the direct normal irradiance from measurements of global
and diffuse horizontal irradiances, it showed good accuracy in estimating the direct normal
irradiance even when the diffused irradiance was measured with a shadow-band, provided that
the systematic error due to the thermal offset was evaluated and corrected. Therefore, the
presented indirect procedure can constitute a valid and cheaper method to produce short- and
long-term data of direct normal irradiation when measurements from pyrheliometers are not

available.

In the second step, the solar flux map on the focal region of the asymmetrical parabolic trough
linear concentrator has been experimentally determined by adopting a reliable and repeatable
direct method. The solar flux mapping system includes a water-cooled heat flux microsensor
mounted on a two-axis semi-automatic linear handling system to scan the concentration region.
To define the solar flux map, the collected data of sensor position and heat flux have been

numerically interpolated by a biharmonic spline interpolant over a grid with a spatial resolution
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of 0.1 mm x 0.1 mm. The heat flux data were collected with different spatial sampling on the
focal region. A sensitivity analysis considering different interpolants has demonstrated that the
results were insensitive to the chosen interpolant and that the number of collected data was
high enough for an accurate definition of the concentrated solar flux distribution. According to
the results, as expected, the solar flux distribution was strongly non-uniform along the width
of the concentration region. The study provided the values of the optical efficiency and the
intercept factor for different values of width of a receiver installed in the asymmetrical
parabolic trough concentrator. This information is a key aspect for the proper design of new
receivers. The intercept factor resulted 100% for receiver’s widths larger 75 mm, while it
decreased to 98% for a 65 mm width and when a width lower than 45 mm was considered, the
intercept factor resulted below 90%. A numerical model to predict the optical performance of
the investigated parabolic trough has been developed using a Monte Carlo ray-tracing tool.
From the comparisons between experimental data and numerical predictions, it has been
concluded that a value between 4.5 mrad and 5 mrad is suitable for modelling the total optical

error using a Gaussian distribution

An innovative bar-and-plate flat aluminium absorber receiver has been designed and tested
during both liquid heating and direct vaporization of water and of a halogenated fluid in the
considered linear concentrator. The obtained results were in line with some medium-
temperature concentrating collectors currently available on the market. The performance
during the two tests conducted with the two fluids was similar with an experimental optical
efficiency between 82% and 80%. During the test conducted on water, the thermal efficiency
at 0.160 W' m? reduced temperature difference was around 64%. The efficiency curves derived
considering only the liquid heating tests or the whole collected database in single- and two-
phase tests on water were in very good agreement. Furthermore, the two datasets overlapped
at reduced temperature differences between 0.130 K W' m?and 0.140 W' m?. Therefore, the
present new test procedure proposed for direct steam generation tests was validated and can be
adopted to characterize the thermal performance of a concentrating collector with two-phase
flow. Moreover, the solar collector was able to vaporize the low-GWP halogenated fluid
R1233zd(E) at 7.5 bar saturation pressure and outlet vapor quality between 0.37 and 0.98 with

a mean efficiency of 73%. At the saturation pressure of 10.5 bar and outlet vapor quality
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between 0.35 and 0.88, the mean efficiency of the collector was equal to 70%. Mass flow rate
and the subcooling of the halogenated fluid entering the receiver displayed a negligible
influence on the performance of the collector. When the outlet vapor quality was below 0.7,
the measured surface temperatures on the back of the absorber back were close to the saturation
temperature of the vaporizing fluid, without any hot spot associated with thermal dry out.
However, at higher vapor quality, the efficiency of the collector was not affected by the
presence of dry out. This demonstrates that the present bar-and-plate absorber is suitable for
direct steam generation even at low mass flow rate. Regarding the hydraulic performance,
despite the presence of the turbulator in the channel, a low pressure drop during direct
vaporization of the fluid was measured. A numerical model to predict the performance of the
receiver during liquid heating and vaporization of a fluid has been developed and validated
against the experimental data. The estimated thermal performance of the collector was in good
agreement with the experimental tests. The prediction of the thermal efficiency of the collector
displayed error within 5%. The numerical prediction was less accurate for the experimental
points where the phenomenon of dry out is occurring. The numerical simulation on the direct
vaporization of the halogenated fluid up to 130°C in the collector showed that is possible to
obtain outlet vapor quality between 0.55 and 0.6 with a thermal efficiency higher than 60%.

A new numerical steady-state model was developed for a small size ORC system powered by
a low-temperature water flow. The system configuration and the installed components were
inspired by the design of a commercially available machine which constitutes a valid example
of the current state-of-art in the design of ORC system for distributed generation from low- to
medium-temperature heat sources. The model has been validated by comparing the numerical
predictions with the datasheet of a commercial unit with a similar size working with R245fa.
Since no information on the control of the working fluid flow rate and on the geometry of the
components in the ORC unit were available by the manufacturer, some assumptions on these
aspects have to be made. No data were available to validate the expander model, which strongly
affects the performance of the ORC unit throughout the operational range. Nevertheless, the
validation of the ORC model showed that the relative prediction error on the electrical power
output of the machine resulted 12% lower on average than the data declared by the

manufacturer. Next, the model of the flat receiver has been integrated into the ORC model to
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evaluate its performance by coupling the aforementioned concentrating solar system with direct
vaporization of the R1233zd(E) or by using an intermediate solar circuit to heat pressurized
water and evaporate this organic fluid in a separate heat exchanger. The comparison
highlighted the advantages offered by the direct vaporization of the organic working fluid in
the solar receiver which presented higher electrical output and conversion efficiency.
Furthermore, the direct vaporization of the organic fluid increased the exergy performance of

the solar-powered ORC in most of the simulated conditions.

The last step of this thesis regards the application of aqueous suspensions of single-wall carbon
nanohorns as volumetric absorbers in a concentrating direct absorption solar collector. This
application has been numerically and experimentally investigated. A three-dimensional model
has been developed in commercial software for computational fluid dynamics simulations to
estimate the performance of a direct absorption receiver. The calculated performance of a
volumetric receiver working with a concentration of SWCHNs equal to 0.05 g L' has been
compared with calculated and experimental performance of two conventional surface-
absorption receivers working under the radiative flux of the same asymmetrical parabolic
trough solar concentrator. The comparison showed that, under the same ambient, solar
irradiance and mass flow rate conditions, at fluid inlet temperature up to 140°C (413 K), the
efficiency of the volumetric collector was higher than those of the collectors involving a
selective surface absorber. An optical efficiency equal to 90.6% has been estimated for the
volumetric concentrating solar collector. Numerical analyses on the effects of the optical
properties of the glass window, inlet temperature, mass flow rate and nanoparticles
concentration have been performed. The following guidelines for the design and optimization

of a flat volumetric receiver for a solar concentrating collector are drawn:

e increasing the nanoparticles concentration makes the receiver thermal behaviour more
and more similar to that of a surface-absorption device; this may lead to increased heat
losses in full-size receivers;

e at low mass flow rates, the nanofluid has more time to absorb and convert concentrated
solar flux into heat causing high thermal gradients on the glass; a turbulent flow regime

condition leads to a safer and more efficient operation;
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e the channel depth of the direct absorption receiver must meet the optical penetration
depth of the nanofluid depending on the nanoparticles concentration;

e the optimization of the nanoparticles concentration should lead to the lowest possible
concentration to simplify the production method, address possible long-term stability
issues, improve the thermal behaviour and the cost-effectiveness of the receiver.

According to guidelines provided by the numerical results, a direct absorption receiver has
been designed and manufactured to investigate the capability of the nanofluid to absorb the
concentrated sunlight. The receiver exhibits a flat geometry and has been designed for
installation on a full-scale linear concentrating collector presenting an asymmetrical parabolic
trough. A low-cost nanofluid containing 0.02 g L' of SWCHNSs in distilled water was prepared
and its thermal and optical properties were characterized. The nanofluid optical capability to
absorb high concentrated solar fluxes has been experimentally investigated using this
suspension as working fluid and volumetric absorber in a parabolic trough direct absorption
solar collector. Tests have been performed according to a standardized procedure with the
nanofluid flowing in the designed receiver at 83.4 kg m™ s’ specific mass flow rate and
temperature close to that of the ambient air to minimize the effect of the heat losses. The
nanofluid flow channel is 18 mm deep, displaying glass windows both on the front and on the
rear of the receiver. In order to characterize the performance of the volumetric receiver, its
efficiency was compared with previous data obtained with a surface absorber. Although the
geometry of the receiver was designed for testing purposes and not optimized for thermal
efficiency, the initial performance of the volumetric receiver reached 82% and was similar to
that of a surface receiver, using a flat bar-and-plate with an inner turbulator and mounted on
the same parabolic trough concentrator. Thus, the results demonstrated that there is much room
for further improvements. Although during the first two hours of exposure to concentrated solar
radiation, the receiver thermal efficiency did not vary significantly, a continuous decrease in
the efficiency of the direct absorption receiver was found, down to 65% after 8 hours of
exposure. Furthermore, a change in colour and transparency of the nanofluid in the receiver
was observed. Spectrophotometric analysis of specimens of bulk nanofluid taken at different
exposure times revealed that the concentration of SWCNHs decreases due to coalescence and
precipitation of the biggest aggregates. After 3 hours of exposure, the SWCNHs concentration

in water was halved and, after 8 hours, it was of 0.004 g L. Further experiments revealed the
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instability of the nanofluid (nanoparticles agglomeration) was still present when the nanofluid
was circulated in the same circuit and exposed to non-concentrated solar radiation.
Furthermore, the decrease in the thermal efficiency of the receiver over the exposure time
during these tests displayed a very similar trend to that resulting from the experiments under
concentrated solar radiation. On the other hand, when the nanofluid was not circulated, but still
exposed to the sunlight, the nanoparticles did not show any agglomeration and the performance
of the receiver was extremely stable. These results suggested that the only exposure of the
nanofluid under solar radiation was not a cause for the aggregation of the nanoparticles.
Moreover, it was observed that the agglomeration of the nanoparticles was still present when
the nanofluid was circulated and not exposed to the solar radiation. Thus, a possible reason for
the instability of the nanofluid can be the mechanical stress on the nanofluid when it was

circulated.
Future perspectives

In the future, thanks to the low cost and the high flexibility of the bar-and-plate technology, it
is expected that an optimization study conducted on the presented bar-and-plate flat absorber
can lead to the development of market competitive, high-performance receivers for linear
concentrating. For example, some improvement can be obtained by arranging the flat absorber
as a part of a cavity receiver and by adopting a solar selective coating with a low thermal

emittance.

Regards direct solar absorbers, from the literature it emerges that this technology is still in its
infancy. However, given the good ground in terms of solar absorption of the carbon-based
nanofluids, further investigations are needed to get stable nanofluid for future market
competitive direct absorption solar collectors. The functionalization of the SWCNHs offers
some alternatives to increase the stability of the nanofluid and may be an interesting topic for
future research. Furthermore, the investigated volumetric solar receiver tested here was not
conceived to maximize its thermal performance and there is much room for improvement, such

as the adoption of a reflective insulated rear part of the receiver.
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