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Abstract

A quasi-dynamic model has been developed to simulate the dynamics and energy performance of a Solar Heat for
Industrial Process (SHIP) system with Fresnel collectors under different control schemes and with variable heat
demand. The model validation has been carried out with measurements obtained from the SOLPINV AP experimental
facility in Almassora (Spain) during the summer of 2021 and 2022. This facility comprises a modular Fresnel
collector solar field and a kettle reboiler. The results show that the predicted energy generation is in the same order
of magnitude as in the measurements, and the overall system dynamics are reproduced accurately.
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1. Introduction

Solar Heat for Industrial Process (SHIP) is the implementation of current and proven solar technologies to supply
the heat demand needed in different manufacturing processes of the industry sector. The industrial sector represents
one-third of the global energy demand, and SHIP systems have become a growing option for the decarbonization of
this sector. SHIP systems have been pushed forward as an alternative to fossil fuel-based boilers. In these kinds of
systems, predicting the components’ behavior, dynamics, and performance under different demand, control
conditions, and integration with the heat demand is of great interest.

In the field of SHIP, there are two main common technologies: non-concentrating, such as flat plate and evacuated
tube collectors, and concentrating collectors for example parabolic trough and linear Fresnel. The industrial processes
can be divided depending on the temperature level required by the process: low, medium and high temperature heat
(Kumar, Hasanuzzaman and Rahim, 2019). Linear Fresnel collectors are commonly used to generate medium
temperature heat (150 °C — 400 °C). As reported in the Solar Heat World Wide report (Weiss and Spork-Dir, 2022),
by the end of March 2022 SHIP plants by collector type in operation there are 20 linear Fresnel collectors SHIP
systems.

SHIP systems are used to harness the incident irradiance from the sun and deliver it in the form of heat to an industrial
process. The useful heat is transmitted by means of a heat transfer fluid, which usually is thermal oil, water, or steam.
In this field, experimental on-site documentation of SHIP systems using linear Fresnel collectors is rather limited,
being the case of a pharmaceutical plant in Jordan (Berger et al., 2016) the one with more documentation.

In the present work, a quasi-dynamic model that simulates the dynamics and performance of a SHIP system, with a
modular Fresnel collector solar field and a modified kettle reboiler, has been developed within the frame of the
SOLPINVAP project (INDERTEC, 2020). Experimental measurements have been carried out during the summer of
2021 and 2022 at the experimental facility SOLPINVAP, located in Almassora, Spain. Two measured days have
been selected based on the measured irradiance. Simulations with the characteristics and control parameters of the
SOLPINVAP solar field have been carried out with the developed model. The validation of the developed model
with the simulation results and the measurements of the selected days is shown in the following sections.
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2. Methodology

2.1. System Model

A mathematical quasi-dynamic model has been developed and built inside the object-oriented programming
environment of MatLab. The latter was selected as modeling software due to its built-in libraries capable of solving
differential algebraic equations systems (DAE). Each physical component has been programmed as an individual
object with a set of equations, inputs, and outputs. The reason for using objects is to give the model the flexibility to
assemble a system with any number of components and connections scheme.

The present work analyzed a system that comprises a shell and tube heat exchanger named kettle reboiler, a modular
Fresnel collector solar field, a circulation pump, a filling pump, a steam extraction valve, and pipelines. In Fig. 1, the
system components are represented with their thermodynamic interface (dots) between objects.

Qinc

Fresnel collectors solar field

Pipeline 2

Pipeline 1

Pump 1 m,,
Pump 2

Fig. 1: System diagram with the model components on Indirect Steam Generation mode

Pressurized water has been used as heat transfer fluid throughout the solar field. The REFPROP library (NIST, 2013)
has been included in MatLab to calculate the thermodynamic properties of the fluid. The main components shown in
Fig. 1 are explained in the following sections.

2.2. Kettle Reboiler Model

The kettle reboiler installed at the experimental platform has been modified to work in two modes: Indirect Steam
Generation (ISG) and Direct Steam Generation (DSG). It has two main functions: to separate the liquid water from
steam and to accumulate energy.

Complex models for a tank with a 2-phase working fluid can be found in the literature. Such models consider the 2-
phase fluid as two separate fluids. Thus, the thermodynamic state of each phase is known at any given time step
(Stevanovic, Maslovaric and Prica, 2012). These models are helpful when the steam and liquid water have different
temperatures. However, in SHIP systems, that is rarely the case. In this work, a simplified tank model has been
developed, where the 2-phase fluid inside the kettle reboiler is considered in thermodynamic equilibrium at each time
step. Thus, the thermodynamic state of the 2-phase fluid can be known by calculating two independent properties.
The properties selected for the calculation are its density p and specific internal energy u, as shown in equations (eq.
1) to (eq. 3). Furthermore, the kettle reboiler has been assumed as a cylinder for simplification purposes.

d_P — L Min—% Mout

dt vr (eq. 1)
d . . .

d_l: = Qin/out + Z(min ' hin) - Z(mout : hout) (eq 2)
U=p‘VT'u+MM'Cp‘M'TM (eq3)

The kettle reboiler is modeled with a differential-algebraic equations system. Where (eq. 3) represents the total
internal energy of the tank: the sum of the energy of the 2-phase fluid and the tank’s mass. V; is the total internal
volume of the kettle reboiler, My and C, ,, are the tank material’s mass and specific heat, respectively. In (eq. 1),
m;, and 1, are the inlet and outlet mass flow rates, respectively. On the right-hand side of (eq. 2), Qin/out
represents any heat flow rate going into/out the kettle reboiler, for example, input heat from the shell and tube heat
exchanger or heat loss to the ambient. It has been assumed that, when the fluid is in saturation state, the temperature
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of the tank material, T,,, is the same as the temperature of the fluid inside the tank. Then, this temperature can be
calculated as a function of the density and the specific internal energy of the 2-phase fluid: Ty, = Ty, = f (p, u).

2.3. Fresnel Collector Model

The Fresnel module collector model has been created as a black box, where the inputs were reduced to weather data
and inlet mass flow, enthalpy, and pressure of the flowing water.

A pyranometer for the measurement of global horizontal irradiance has been installed at the experimental plant.
However, there is no other instrument to measure or calculate the direct normal irradiance (DNI). Thus, on the lack
of this information, a clear-sky model has been implemented to estimate the DNI. In the present work, the selected
model is the clear-sky model presented in the ASHRAE handbook (ASHRAE, 2013). The disadvantage of this
methodology is that it works on the assumption of a clear atmosphere.

A simple Incident Angle Modifier (IAM) based model has been implemented to calculate the incident heat on the
collector absorber. The longitudinal and transversal IAM (IAM, and IAM, respectively) were calculated with the
Monte Carlo Ray Tracing software tool Tonatiuh (CENER, 2017). Thus, the incident heat on the absorber tube can
be calculated as shown in (eq. 4) (Morin et al., 2012). Where A is the total reflective effective aperture area on the
horizontal plane of a Fresnel module, N,,,4 is the number of modules, and Cl is a factor related to the cleanliness of
the reflective surface.

Qine =No - IAM, - IAM, - Cl- A - N,,,q - DNI (eq. 4)

No thermal inertia is considered in the Fresnel collector model, as the developed quasi-dynamic model assumes that
the thermal inertia is concentrated in the kettle reboiler.

2.4. Heat Loss Model

A simple thermal loss model has been used for the pipelines and the kettle reboiler. Both components have been
assumed to be cylinders. The heat loss depends on the temperature difference AT between the temperature of the
fluid and the ambient temperature, as shown in equation (eq. 5), where R, is the thermal resistance. The model is
used to simulate the thermal loss of each component throughout the simulation. The heat loss through the walls on
both bases of the cylinder is also considered in the kettle reboiler.

AT

Qloss = R_t (eq 5)

3. Experimental Facility

The experimental solar platform, SOLPINVAP, is located in Almassora, Spain (39.958, -0.074). The facility is
comprised of a single row of 6 collector modules in series. There is a total of 9 absorber tubes for a total length of
35.12 m. The Fresnel solar collector modules have been manufactured by Solatom (Solatom CSP, 2018). Each
module has a reflective aperture area of 26.4 m?. The optical efficiency of the Fresnel modules, calculated with
Tonatiuh, is n, = 66.7%. The kettle reboiler is located inside a skid structure on the southern side of the solar field.
The solar field is north-south oriented with a deviation of 32° northeast (being north 0° and south 180°). In Fig. 2 a)
and b), the Fresnel solar field and the kettle reboiler are shown.
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a) b)

Fig. 2: Photos taken at the SOLPINVAP experimental plant, where in a) the Fresnel module collector field and in b) the kettle
reboiler inside the skid

3.1. Control Parameters of the Solar Field

The circulation pump of the primary circuit of the solar field is turned on when the global irradiance, measured by
the pyranometer, is greater than 150 W /m?. It is turned off when there is not enough irradiance or when the measured
liquid water level inside the tank is lower than a critical level of —80 mm (where 0 mm is at the center of the kettle
reboiler). The level inside the tank is kept between a maximum and minimum value by filling the tank with treated
water.

The steam extraction is carried out by controlling the aperture of two pneumatic valves. The first valve keeps the
pressure inside the tank, and the second keeps the pressure inside an expansion tube. The latter has the function of
imitating the demand side (with a constant process pressure). In the skid installation, a flow meter has been added to
measure the steam mass flow rate, as shown in Fig. 3.

Fig. 3: Steam mass flow meter installed at the extraction side of the skid

4. Results and Discussions

As mentioned in section 2.2, the solar field SOLPINVAP was designed to work on ISG and DSG modes. Two
measurement campaigns on the ISG mode have been carried out at the experimental solar plant SOLPINVAP to
validate the developed model. In ISG mode, the kettle reboiler receives the heat absorbed from the solar field through
the tube heat exchanger.

The first measurements were done during the summer of 2021, and the following measurements were acquired during
the summer of 2022. Two separate days are analyzed in the present work, one from each campaign. The first is June
24,2021, and the second on June 12, 2022.

4.1. Weather Data

In Fig. 4 the global, direct normal, and diffuse irradiance for both June 24, 2021, and June 12, 2022, are shown as
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reported in the measurements from the Valencia airport in Manises. Although the SOLPINVAP facility is 63 km

away from Valencia Airport, it has been assumed that the weather does not significantly change around the same
region.

Valencia Airport 24/06/2021 Valencia Airport 12/06/2022
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Fig. 4: Global (green), direct normal (magenta) and diffuse (blue) irradiance measured at Valencia airport for a) June 24, 2021 and b)
June 12, 2022 (taken from the Agencia Estatal de Meteorologia — AEMET, Gobierno de Espafia)

As shown in Fig. 4, both days presented a global irradiance with similar behavior to clear-sky conditions. Thus, the
conditions are met for the use of a clear-sky model. As mentioned in section 2.3, the ASHRAE clear-sky model has
been used for the calculations. The model uses optical depth indexes for the direct t,, and diffuse t, irradiance, which
depend on the location. These two indexes embody clear-sky conditions like precipitable water, aerosols, ozone, Etc.
(ASHRAE, 2013). The optical depth indexes for both days have been estimated using the ASHRAE model, and the
measurements are shown in Fig. 4. In Tab. 1 are listed the estimated optical depth indexes for each day, respectively.

Tab. 1: Optical depth indexes calculated with the clear-sky model and the irradiance measured at Valencia Airport

Optical Depth Index

June 24, 2021

June 12, 2022

7p(-)

0.4978

0.6969

74(-)

2.4953

1.7500

In Fig. 5, the globlal irradiance measured by the pyranometer at the SOLPINVAP facility and the simulated
irradiance, with the implemented clear-sky model using the optical depth indexes of Tab. 1, are shown. The root
mean square error between the measured and simulated with the clear-sky model global irradiance on June 24, 2021
(Fig. 5 a)) is 16.05 W /m?, whereas, on June 12, 2022 (Fig. 5 b)), the root mean square error is 69.9 W /m?2.

Measured global irradiance vs clear sky model - day:24/6/2021 Measured global irradiance vs clear sky model - day:12/6/2022
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Fig. 5: Global irradiance measured by the pyranometer at SOLPINVAP facility and the simulated with the clear-sky model and the
respective optical depth indexes
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4.2. Experimental Measurements

As mentioned above, two days are going to be analyzed in the present work. The measurements carried out during
the two experimental campaigns at the SOLPINVAP plant are shown in Fig. 6. In both cases, the steam extraction
was done through a steam valve controlled by a PID control scheme. Fig. 6 a) shows the temperatures at the inlet of
the solar field T1 and the outlet T2, the temperature inside the kettle reboiler T;,,, the water level, and the measured
steam mass flow rate at the extraction. The pressure inside the kettle reboiler is shown in Fig. 6 b). On June 24, 2021,
solar energy was absorbed in the solar field, and there was steam extraction. The filling pump has turned on for 5
minutes during the measurements, as observed in Fig. 6 a). On June 24, 2021, the system was in function until the
water level of the kettle reboiler reached a critical minimum. In Fig. 6 c¢) and d), the corresponding variables are
shown on June 12, 2022. On June 12, 2022, solar energy was absorbed in the solar field, steam was extracted, and
the water level control was active, as shown in Fig. 6 c).
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Fig. 6: Experimental measurements at SOLPINVAP. In a) and b) are the results on June 24, 2021, and in c) and d) the corresponding
for June 12, 2022

The developed model is intended to simulate the system under normal working conditions with different control
schemes and heat demands. In the following sections, the validation of the model with the experimental
measurements of two days is presented, first on steady state and then on transitory and steady state. The DNI has
been calculated during every time step with the optical depth indexes for the corresponding day and the clear-sky
model.

4.3. Steady State

First, the Fresnel module collector model has been validated with the experimental measurements in the steady state
period, i.e., a period where the temperature measurements in the solar field do not vary significantly. The inputs
given to the model were the temperature at the inlet of the solar field, the water mass flow, and the clear-sky DNI.
This validation was also used to estimate a clean factor for both measured days. Fig. 7 a) and b) present the validation
results for June 24, 2021, and June 12, 2022, respectively, where T2;,, and T 2,,,, are the simulated and experimental
temperatures, respectively, at solar field outlet. T1,,, is the measured temperature at the inlet of the solar field, and
Mass flowsgiar riera 1 the mass flow rate of the pressurized water. On June 24, 2021 (Fig. 7 a)), the clean factor
was estimated to be 70%, and the root mean square error between the simulated and measured solar field outlet
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temperature was 0.3 K. It can also be observed that the model correctly follows the temperature tendency when there
is a sudden change in water mass flow.

In the same way, the experimental measurements on June 12, 2022 (Fig. 7 b)) have been used to validate the Fresnel
collector model. The estimated clean factor is 64%, and the root mean square error between the simulated and
measured solar field outlet temperature is 0.19 K. In Fig. 7 b), decrements in the solar field inlet temperature and,
consequently, at the outlet temperature can be observed. These decrements are due to the introduction of cold water
when the filling pump is activated to increment the water level inside the kettle reboiler. Fig. 7 a) and b) also show
no significant thermal inertia in the collector tubes.
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Fig. 7: Predicted solar field outlet temperature, both simulated and measured, the solar field inlet temperature and water mass flow
for: a) June 24, 2021 and b) June 12, 2022

The general model is then validated with the estimated clean factors in the same steady state time period. The general
model is referenced as the complete system with all the components (see Fig. 1). The inputs to the general model are
the weather data, the measured water mass flow rate, and control factors for steam extraction. A simple proportional
control has been implemented to simulate the aperture of the steam extraction valve. Below, in Tab. 2, are listed the
initial model parameters used for the simulation of the general model. As mentioned in section 3.1, the water level
is referenced to the center of the kettle reboiler. Thus, a positive level value is above the center of the tank, and a
negative value is below that point.

Tab. 2: Initial parameters for the simulation with the general model on steady state

Parameter 24/06/2021 12/06/2022 Unit

Tp 0.4978 0.6969 -

Tq 2.4953 1.7500 -

Clean Factor 70 64 %

Kettle Metal Mass 3079 3079 kg
Initial Kettle Pressure 8.1 6.9 bar,
Initial Water Level +25 +36 mm
Max Pressure 8.7 8.4 bara
Min Pressure 8 6 bar,
Max Water Level +10 +35 mm
Min Water Level -81 +5 mm

Fill Water Temperature 50 50 °C

The comparison between the measured (subscript “exp”) and simulated (subscript “sim”) parameters of the solar
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field in steady state are shown in Fig. 8. Where in Fig. 8 a) are the inlet and outlet solar field temperatures and water
mass flow, Fig. 8 b) the kettle reboiler pressure and water level, and in Fig. 8 c¢) the extracted steam mass flow of
June 24, 2021. In Fig. 8 d), €) and f), the respective comparison of the parameters mentioned before, on June 12,
2022, is graphed. In Tab. 3 are listed the corresponding root mean square error for each relevant variable for June
24, 2021 and June 12, 2022. Moreover, the relative difference between the experimental measured and simulated
extracted energy is presented in Tab. 4. The generated energy is referred to as the integrated steam mass flow during
the analyzed period.
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Fig. 8: Validation of the model on steady state time period. In @), b) and c) the results of June 24, 2021, and in d), e) and f) the
simulation results of June 12, 2022 are shown.
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Tab. 3: Root mean square error of the relevant parameters of two days in the analyzed time period

Root Mean Square Error
Parameter 24/06/2021 12/06/2022 Unit
T1 0.53 0.95 K
T2 1.02 0.91 K
Prank 0.08 0.18 bar,

Tab. 4: Comparison between measured and simulated generated energy in the analyzed time period

Parameter 24/06/2021 12/06/2022 Unit
Experimental Energy Extracted 380.52 241.2 MJ
Simulated Energy Extracted 378.43 242.32 MJ
Relative Difference 0.05 0.5 %

On both days, the filling pump introduced cold water into the kettle during the analyzed period. It can be observed
how the model predicts a decrease in pressure greater than the measured by the pressure sensor, 0.31 bar, in the
case of June 24, 2021 (Fig. 8 b)) and 0.56 bar, on June 12, 2022 (Fig. 8 €)). This is because the model considers a
homogeneous 2-phase fluid inside the kettle reboiler; this means the 2-phase fluid is in thermodynamic equilibrium
at every time step. However, this is not true in reality because there exists a stratification when cold water enters the
tank. Nevertheless, the decrease in pressure predicted by the model does not significantly affect the energy generated
by the system, as presented in Tab. 4.

4.4, Transient and Steady State

In this section, the model is validated with the experimental measurements, including the initial transient state of the
system. The latter means when the day starts, and the pressurized water is heated up, and the kettle reboiler is
pressurized up to the desired pressure level. The simulations in this section were carried out from the point where
the inlet solar field temperature has reached 100 °C, ensuring that the fluid inside the kettle reboiler is in saturation
state.

In Tab. 5 are listed the initial parameters for the transient and steady state simulation. As mentioned before, on June
24, 2021, the main circulation pump and the system were turned off when the kettle reboiler water level reached a
critical minimum. Thus, the simulation was carried out until that moment of the day. In the case of June 12, 2022,
the simulation was done until there is presence of clouds, as observed in Fig. 5 b) and Fig. 6 c). The sky model does
not simulate cloud presence. Therefore, the model validation was carried out just during the clear-sky section of the
day.
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Tab. 5: Initial parameters for the simulation with the general model on transient and steady state

Parameter 24/06/2021 12/06/2022 Unit

Ty 0.4978 0.6969 -

Tq 2.4953 1.7500 -

Clean Factor 70 64 %

Kettle Metal Mass 3079 3079 kg
Initial Kettle Pressure 1 1.28 bar,
Initial Water Level +23.6 +35.7 mm
Max Pressure 8.7 8.4 bar,
Min Pressure 8 6 bar,
Max Water Level +10 +35 mm
Min Water Level -81 +5 mm

Fill Water Temperature 50 50 °C

In Fig. 9, the validation of the general model, including the transient and steady state, with the measurements carried
out on June 24, 2021, and June 12, 2022, is presented. Where the subscript “sim” stands for simulation and the
subscript “exp” is for the experimental measurement. Fig. 9 a) and d) show the inlet and outlet solar field temperature
and water mass flow. In Fig. 9 b) and e), the evolution of the pressure and water level throughout the day can be
observed. Furthermore, the extracted steam mass flow on June 24, 2021, and June 12, 2022, is graphed in Fig. 9 ¢)
and f) respectively, on each mentioned figure. The comparison between the measured and simulated extracted energy

and the relative difference for both June 24, 2021, and June 12, 2022, is presented in Tab. 6.
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Steam drum pressure and water level-day:24/6/2021 Steam drum pressure and water level-day:12/6/2022
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Fig. 9: Validation of the model on transient and steady state. In a), b) and c) the results of June 24, 2021, and in d), e) and f) the
simulation results of June 12, 2022 are shown.

Tab. 6: Comparison between measured and simulated generated energy in the analyzed time period

Parameter 24/06/2021 12/06/2022 Unit
Experimental Energy Extracted 406.8 493.2 MJ
Simulated Energy Extracted 424.8 500.4 MJ
Relative Difference 44 15 %

Fig. 9 a), b), d), and e) show that, on both days and with their respective initial parameters, the model follows the
tendency of the inlet and outlet solar field temperatures and the kettle reboiler pressure along the transient part of the
day. During the steady state part of the simulation, the model predicts a decrease in pressure due to the introduction
of cold filling water, as observed in Fig. 9 b) and €). The pronounced decrease of the simulated pressure occurs
because the model does not account for stratification in the liquid phase when cold water is introduced. In Fig. 9 c)
and f) shows that the simulated steam mass flow also decreases more than in reality when cold water fills the kettle
reboiler. Nevertheless, as presented in Tab. 6, the latter does not significantly affect the final predicted energy
generated by the system.

5. Conclusions

A quasi-dynamic model has been developed in MatLab that is able to simulate the dynamics, behavior, and
performance of a SHIP system with a modular Fresnel collector solar field. The developed model simulates any
collector module arrangement thanks to its object-oriented structure. It has been structured only to change few initial
parameters considering weather data, the clean factor, and control variables. Thus, the rest of the parameters depend
on the inputs mentioned before.

In order to estimate the DNI, measurements from the Valencia airport were used to estimate optical depth indexes
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required for the implemented clear-sky model. The SHIP model has been validated with experimental measurements
from the SOLPINVAP experimental platform during the summer of 2021 and 2022. The validation results show that
the model correctly reproduces the temperatures and pressure tendencies in the transient and steady state. On steady
state, the model simulates the solar field temperatures and pressure inside the kettle reboiler with small error. The
model predicts a sudden pressure drop when cold water is introduced to the kettle reboiler, thus decreasing the
predicted steam mass flow. The pressure drop may be smaller in reality because there is a stratification in the liquid
phase when cold water enters the tank, and the same occurs with the extracted steam mass flow. However, it has
been shown that the decrease in pressure does not significantly influence the simulated final energy generated
compared with the experimentally measured energy generated.

Thus, the developed quasi-dynamic model is able to simulated accurately the behavior, dynamics, and performance
and accurately predict the energy generated by a SHIP system that comprises a Fresnel collector solar field.
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