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Abstract

Solar heaters of the parabolic trough type, PTC, are a
proved technology that has a wide diversity of industrial
applications. The prediction of the thermal conditions in
these devices plays a fundamental role in the development
and design of thermal plants capable of meeting the heat
load requirements. To this end highly complex thermal
models have been derived which are difficult to solve and
implement. This work puts forward a PTC transient
thermal model which was validated using experimental
data and compared against other theoretical models
existing in the open literature. Along with this model, a
novel sequential solution procedure is proposed with
which a better follow up of variable outputs is obtained. A
parametric analysis was carried out of for the main design
variables using the Present Value of the Life Cycle Energy
Savings (PVLCES) and Total Integrated Heat (TIH) using
daily typical data in the winter and summer seasons for the
city of Guanajuato. Due to its transient nature, the model
can be implemented in research where optimisation tools
are required such as Deep Learning, Machine Learning
and Control, which are basic in the dimensioning of
thermal solar plants.

Parabolic trough solar collectors, Thermal design,
Thermal performance, Solar field sizing, Solar thermal
energy

Resumen

Los calentadores solares tipo parabolico, PTC, son una
tecnologia ya probada con una gran diversidad de
aplicaciones industriales. La prediccion de las condiciones
térmicas de estos equipos juega un papel fundamental para
el desarrollo y disefio de plantas termosolares capaces de
cumplir con los requerimientos y cargas térmicas. Con este
fin se han desarrollado modelos térmicos altamente
complejos que presentan dificultades para su
implementacion y solucion. En este trabajo se propone un
modelo térmico para la tecnologia PTC en estado
transiente unidimensional, que fue validado con datos
experimentales y comparado con otros modelos existentes
en literatura. Con el modelo, se propone un procedimiento
novedoso de solucidn de tipo secuencial, con el que se
tiene un mejor seguimiento de los resultados de las
variables. Se realiz6 un anélisis paramétrico de las
principales variables de disefio del equipo empleando
como indicadores el Valor Presente del Analisis del Ciclo
de Vida (PVLCES por sus siglas en inglés) y el Calor Total
Integrado (TIH por sus siglas en inglés) con datos diarios
tipicos estacionales de invierno y verano para la ciudad de
Guanajuato. Dada su naturaleza transiente, el modelo
puede ser implementado para el desarrollo de
investigaciones que requieran el empleo de las
herramientas de optimizacion, Deep Learning, Machine
Learning y de Control, que actualmente son bésicas en el
dimensionamiento de estas redes termosolares.

Colectores solares de tipo parabdlico, Disefio térmico,
Desempefio térmico, Dimensionamiento de campos
solares, Energia solar térmica
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Introduction

The constant growth of industrial activity is a
core issue for counties to achieve its economical
sustainability. Such development goes hand in
hand with energy consumption. According to
IEA (International Energy Agency), the share of
the industrial sector is 32 % of the total energy
consumption [I]. International agreements and
the 2030 UN agenda foster the use of clean
energy to curb environmental pollution. The
economic reactivation after the Covid-19
pandemic and the response to the global energy
crisis have driven investment in clean energy,
reaching 1.7 trillion USD over the first half of
2023; with fossil energy investment of only
about 0.9 trillion USD [II]. It is foreseen that the
substitution of fossil fuel by clean energy will be
achieved by 2050, although it depends on the
implementation and the support of suitable local
and international policies [111].

Solar energy is a limitless and clear
energy source that is harnessed employing
technologies referred to as SHIP (solar heat for
industrial ~ processes) that include CSP
(concentrated solar power), PV (photovoltaic),
solar Chemistry, solar desalination, and solar
cooling amidst others [IV], [V]. The total
installed accumulated capacity in operation by
the end of 2022 was 542 GWuy, which
corresponds to 774 million square meters of
solar collectors that represent an increment of 19
GWih or 27.1 million surface area [VI1]. Most of
these plants employ solar heaters of the PTC
type (parabolic trough collectors) [VII], as in
2022, 90 % of these solar plants used this
technology [VI11]. These devices can be applied
in a temperature range between 50 and 400 °C
[IX].

Given the great diversity and wide
application spectrum of the PTC technology, the
development of theoretical models to predict its
performance is paramount. Diverse models have
been published in the open literature, some of
them employ commercial simulation tools for its
solution, while other models have been solved
using other type of codes. Zima et al. [X]
developed a one-dimensional model to simulate
the transient performance of a PTC with a U tube
for the residential sector. The model was
successfully compared with a three-dimensional
model coded in Ansys Fluent CFD and with
experimental data.
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Behar et al. [XI], developed a steady
state model and its results were compared with
experimental data achieving a close fit with an
uncertainty of 0.64 %. Ferchichi et al. [XII]
proposed a discretised model for the prediction
of phase change and heat transfer for a steam
generation system (DSG - Direct Steam
Generation) that operates with PTC. The code
was written in C**. Xu et. al. [VII], established
and validated a one-dimensional transient model
and carried out a parametric study considering
the inlet temperature of the working fluid (HTF),
ambient conditions and optical efficiency.
Mouaky et al. [XI1I1], simulated a four-module
PTC developed by Soltigua using the Ebsilon®
Professional platform. The model was validated
using operating data under clear sky conditions
with a maximum deviation of 4.8 %. Krishna et
al. [X1V], employed the TRNSYS platform to
simulate a phase change domestic solar PTC
heater to predict the availability of hot water
during the peak demand of hot water in
Mangalore, India. They concluded that the
system could meet the thermal duty.

From the previous review it can be
observed that the steady state and transient
models reproduce in a satisfactory manner the
performance of PTC devices. The transient
model, however, bears greater advantages in
terms of control despite the highest
computational needs. Additionally, all these
models have been validated using fix ambient
conditions within three and four consecutive
days. Such experimentation does not cover the
totality of seasonal and daily conditions. In this
work a new one-dimensional transient model is
proposed and is validated against experimental
data reported in the open literature. The model
was analysed under diverse seasonal and daily
ambient conditions. The economic viability of a
solar thermal plant using PTC technology is
assessed using the pumping costs and the net
present value of the life cycle energy savings.

Methodology

The transient state energy equation and the rest
of the expressions that make up the model based
on the representation of the phenomenon
schematised in Figure 1 are presented below:
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Figure 1 Schematic representation of a Parabolic Through
Solar Collector
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Where Ggy is the direct solar radiation,
A, and A, are the aperture area and the receiver
area, respectively; Q is the heat gained by the
heat transfer fluid (HTF); Fr removal factor; U,
global coefficient of losses; 6,,is the mean
acceptance angle; T; , T, and T, are the inlet and
outlet temperatures of the receiving tube, and the
ambient temperature, respectively; F' the
thermal efficiency factor; D; and D, are the
internal and external diameter of the receiving
tube; m and cyare the mass flow and heat
capacity of the HTF; C is the solar concentration
factor; f is the parabola focal length; h,,, h,._,
and h,,_. are the convective heat transfer
coefficient of the HTF, the radiation from the
glass cover to the environment, and the radiation
from the receiver tube to the glass cover,
respectively; r,. is the radius of the tube; and ¢,
is the diffuse angle.

The transient energy balance is
numerically solved using Butcher's fifth order
Runge-Kutta methodology [XV]. The irradiance
data used was obtained from the McClear model
validated with experimental data. McClear is a
clear-sky radiation model developed in the
Copernicus program by the ECMWEF - European
Centre for Medium-Range Weather Forecasts -,
which conducts non-profit research [XVI]. The
environmental data of irradiance, ambient
temperature, daily and seasonal wind speed was
collected for the city of Guanajuato (21.0190° N,
101.2574° W) at the facilities of the University
of Guanajuato, Mexico. The incidence angle of
the solar rays (6z), and the optical efficiency, n,
are calculated from the following expressions:

No = PoTgQrY [(1 — Aftan(HB)COS(QB))] (13)

cos(8p) = /1 — cos?(8)sin2(h) (14)

Where § is the declination angle, h is the
hour angle, a,. is the receiver absorbance, 7, is
the transmittance of the tube envelope, and A is
a geometric factor. A model code was written
using the Matlab platform. Unlike the other
models reported in the literature in which the
equation system that makes up the model is
solved simultaneously by means of an algorithm
already implemented as a module, the new
solution procedure is characterized by its
sequential approach, which facilitates the
follow-up of variables and allows control over
the solution due to their high non-linearity that
leads to more than one possible solution.
LIZARRAGA MORAZAN, Juan Ramén & PICON-NUNEZ, Martin.
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It includes the determination of the outlet
temperature and that of the glass envelope by
means of the false rule method [XV], which
ensures finding the correct value. Figure 2 shows
the flow diagram for the solution of the model.

To ensure that the design is economically
feasible, the proposed model was complemented
with the Present value of the Life Cycle Energy
Savings (PVLCES). Life Cycle Energy Savings
Analysis is the difference between the life cycle
cost of a system that provides an energy demand
using conventional fossil energy and the life
cycle cost of a solar system that provides the
same energy load. The life cycle savings
determine the net present value of the gain of the
solar system compared to that of the
conventional system [IX].
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Figure 2 Flow diagram for the solution of the PTC model
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The methodology reported in [ XV1I] was
used to calculate the life cycle savings. The
lifetime of the considered equipment was 25
years. Equation (15) is a general expression of
economic analysis in which each of the
components is calculated considering the time
value of money.

Solar system savings = Fuel savings —

loan payment — Maintaenance costs —

insurance payment — (15)
Auxiliary energy costs — taxes

where,

Fuel savings = Solar fraction (16)
- cost of fuel - heat load

The system has a higher economic
feasibility as the value of the life cycle savings
increases. This analysis includes the thermal
efficiency of the solar system which is
represented in the economic savings of fossil
fuel. On the other hand, it contemplates
investment expenses, loans, taxes, operating
costs (including pumping), fixed and variable
maintenance in a defined time horizon.

Results

The validation of the model is done by the
comparison with the experimental data reported
by the Sandia National Laboratory (SNL)
[XVII]. The experimental data was obtained for
collectors operating with vacuum in the space of
the glass envelope. The experimental tests were
applied to the LS-2 solar collector installed on
the AZTRAK platform at the SNL facilities. The
dimensions of the system are presented in Table
1. These tests were carried out in a temperature
range between 100 °C to 400 °C using water and
Syltherm 800 as working fluids.

The comparative variation of the
efficiency and thermal losses of the collector are
presented in Figures 3 and 4. It is observed that
the thermal efficiency decreases with respect to
the temperature, contrary to the behaviour of the
thermal losses. With the proposed model, a root
mean square error (RMSE) of 1.39 °C is
obtained in the prediction of the outlet
temperature, with an average error of 0.24 %.
For comparison purposes, Table 2 shows the
mean square error of the efficiency and thermal
losses calculated with other theoretical models
reported in the literature.

LIZARRAGA MORAZAN, Juan Ramén & PICON-NUNEZ, Martin.
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Thermal
Model N (%) losses (W/m?)
5 New model 1.019 0.368
Yilmaz and Séylemez
y . [XIX] 0.766 4.638
P . Padilla et al. [XX] 1.012 10.255
g NREL [XX1] 1.382 14.718
g s Garcia-Valladares and
i. : Veldzquez [XXII] 1.433 --
3
i Table 2 RMSE comparison with some reported models.
o X Figures 5 and 6 show temperature and
o heat load profiles assuming working fluid inlet
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Figure 3 Comparison of the thermal efficiency calculated
with the new model and the experimental data reported by
SNL.
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Figure 4 Comparison of thermal losses calculated with the
new model and those reported by SNL.

Aperture width 5
Length 7.8
Focal distance 1.84
Receiver tube inner diameter 0.066
Receiver tube outer diameter 0.07
Glass cover inner diameter 0.109
Glass cover outer diameter 0.115

Table 1 Dimensions of PTC LS-2 tested in SNL.

An analysis of the temperature and useful
heat for commercial PTC dimensions [XVIII]
was carried out assuming average winter and
summer days of the city of Guanajuato, Mexico.
The HTF used is Syltherm 800.
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Figure 5 Temperature and heat load profile for a
range of inlet temperatures (Ti) and mass flow rate m
= 0.30 kg/s for a typical day in summer
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Figure 6 Temperature and heat load profile for a range of
inlet temperatures (T;) and mass flow rate m = 0.30 kg/s
for a typical day in winter

Figure 7 illustrates the effect of the
working fluid inlet temperature on the integrated
heat of the PTC device.
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Figure 7 Effect of inlet temperature, Ti, on the total
integrated heat for typical days in summer and winter and
mass flow rate m = 0.30 kg/s
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Figure 7 shows the reduction of the
integrated useful heat with the increment of inlet
temperature of the HTF. The data shows a linear
profile. The model provides the temperature and
integrated heat load for any set of ambient
conditions.

The variation of the mass flow rate
between 0.3 and 0.6 kg/s and its effect on outlet
temperature and heat load is depicted in Figures
8 and 9 for typical days in summer and winter.
In these calculations, the inlet temperature was
kept at 80 °C.
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Figure 8 Effect of mass flow, m, on outlet temperature,
To, and thermal load, Q. Ti=80 °C. Typical day of summer
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Figure 9 Temperature and heat load profile for different
mass flow rates and T; = 80 °C. Typical day in Winter

Figure 10 shows the effect of the mass
flow rate on the integrated heat. A parametric
study was also performed to analyse the effect of
the design variables on the PTC using the
Present value of the Life Cycle Energy Savings
(PVLCES) and the integrated useful heat (TIH).
This indicator is the integration of the
instantaneous heat gained by the HTF between
9:00 and 18: 00 h:

t=18h
TIH = Total Integrated Heat = J q (17)
t=9h

Where g . Isthe instantaneous heat gained by the
HTF.
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Figure 10 Effect of mass flow rate on the total integrated
useful heat for typical days in summer and winter and T; =
80 °C

The parametric study is carried out
considering the following design variables:
length, collector aperture, focal length, inner
diameter of the receiver tube and inner diameter
of the transparent glass cover (Table 3).
Additionally, four different heat transfer fluids
were analysed: Dowtherm A, Syltherm 800,
Therminol VP-1, and pressurised water. The
range of variation of each of the variables was
taken from the data reported in the open
literature for commercial collectors [XXIII].

Dimension, m LB UB

L 2 25
Wa 05| 9.3
f 0.2 3
D 001 004
Dy 011 0.15

Table 3 Variables range on the parametric analysis

Figure 11 shows the variation of the
PVLCES and the total integrated heat with the
length, L. It can be observed that the PVLCES
becomes negative for some values of L. On the
other hand, as the length increases, the total
integrated heat increases in a linear manner.

The effect of the variation of the aperture,
WS, is depicted in Figure 12. It can be observed
that there is an optimum where both the
PVLCES and the total integrated heat are
maximised.

LIZARRAGA MORAZAN, Juan Ramén & PICON-NUNEZ, Martin.
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Figure 11 Effect of length, L, on the PVLCES and total
integrated heat for a typical day in summer
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Figure 12 Effect of the aperture on the PVLCES and total
integrated heat for a typical day in summer

The effect of the focal length, f, is shown
in Figure 13. The profiles indicate that after
certain value of f, the increment of this variable
has minimal effect of PVLCES and total
integrated heat.
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L
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Figure 13 Effect of the focal length on PVVLCES and total
integrated heat for a typical day in summer

The variation of the inner diameter of the

receiver tube, Di, and the glass cover, Dgi, is
displayed in Figures 14 and 15 respectively.

PYLOES, USD
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L
i, KWL
s -
I A T -
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Figure 14 Effect of the inner diameter of the receiver
tube, Di, on the PVLCES and the total integrated heat for
a typical day in summer

For the inner diameter of the receiver
tube, it is observed that at certain value the
PVLCES and total integrated heat drop
drastically (D; = 0.023 m). On the other hand,
the variation of the inner diameter of the glass
cover does not affect significantly any of the
parameters.
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Figure 15 Effect of the inner diameter of the glass cover,
Dgi on the PVLCES and total integrated heat for a typical
day in summer

Finally, Figure 16 shows the effect of the
type of working fluid on the parameters.
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Figure 16 Effect of the type of working fluid on PVLCES
and total integrated heat for a typical day in summer

In this study, the working fluid for which
the highest performance is obtained is Therminol
followed by Dowtherm. The performance with
the different thermal oils is similar while the use
of pressurised water renders the lowest
performance.

Conclusions

Form the results obtained, the following
conclusions are drawn:

1. Due to the high non-linearity of the
thermal model, the sequential solution
approach ensures that the correct solution
is found.

2. The thermal model was validated against
experimental data and statistical
indicators reported by other models in the
open literature. This ensures the
reliability of the new model.

3. The present value of the life cycle energy
savings (PVLCEYS) is a useful parameter
that allows to determine the economic
feasibility of the installation of a solar
thermal plant.

LIZARRAGA MORAZAN, Juan Ramén & PICON-NUNEZ, Martin.
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4. From the parametric analysis it can be [IV] Awan, A.B. Comparative Analysis of 100

concluded that the diameter of the cover
glass is the design variable has the
minimal impact on the economic
performance and total heat recovered. On
the contrary, the length and PTC width
are the variables that bear the strongest
influence.

5. The inner diameter of the receiver tube
favours the thermal efficiency. At lower
dimensions the Re number increases and
the heat transfer capacity as well. The
analysis of this variable exhibits an
abrupt discontinuity which increases the
complexity of the solution.

6. Amidst the working fluids, the thermal
oils have similar high performance but
are much higher than that obtained with
pressurised water.

7. The new thermal model is suitable to be
used in optimisation and control studies
due to its transient nature.

8. Future work underway is the design
optimisation of PTC for industrial
applications. A metaheuristic algorithm
is proposed given the high nonlinearity of
the system and the apparent discontinuity
of the performance with the inner
diameter of the receiver tube.
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