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Abstract. Integrating solar energy to provide heat for industrial processes represents a viable
solution aligned with the ongoing energy transition. Parabolic trough collectors (PTCs) are a
reliable and mature technology within this context. This study addresses the performance of
an industrial air-drying plant integrated with a PTC solar field and a thermal energy storage
(TES) system comprising two rock beds operating in parallel. To improve the exploitation of
solar radiation, pressurized air was used as the heat transfer fluid for the PTC due to its high
temperature limits. A parametric analysis was conducted to evaluate the impact of solar field
size on performance, varying both the number of modules in series per string and the number
of parallel strings. Results show that the solar fraction (SF) increases with the number of par-
allel strings, while increasing the number of series modules initially raises the SF to a peak
before slightly decreasing. The maximum SF achieved was 85% with a TES volume of 96.24
m? and a solar field comprising 12 modules in series and 4 parallel strings, resulting in a total
collection area of 3450 m?2.

Keywords: Solar Energy, Parabolic Trough Collector, Industrial Process Heat, Drying,
Rock Bed.

1. Introduction

The goal of achieving fossil fuel independence has long been shared among major industrial
nations [1]. The energy crisis and the urgent need to mitigate climate change have intensified
interest in sustainable solutions [2]. According to the IEA, the industrial sector consumes about
30% of global energy, with medium to high-temperature applications (200-600°C) accounting
for roughly 70% of industrial thermal energy use. This significant market share underscores
the relevance of parabolic trough collectors (PTCs), the most advanced and cost-effective
technology for large-scale solar energy applications [3]. PTCs also feature single-axis sun
tracking, enhancing solar radiation capture by 30% compared to fixed devices [4].Common
heat transfer fluids (HTFs) include thermal oils and molten salts; however, thermal oils do not
allow for high temperatures and raise safety and toxicity concerns, while molten salts, stable
up to 600°C, require careful management to remain liquid and avoid freezing [5]. Air offers a
high-temperature, high-pressure alternative [6]. Indeed, by using air, which is a non-toxic and
cost-free HTF, allows for temperatures up to 1300 K at the solar field’s outlet [7]. This feature
minimizes disruptions during high solar radiation periods, thereby increasing the solar fraction
[8]. Additionally, a higher maximum temperature shortens the charging time for a given storage
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volume. Indeed, to address the intermittency of solar sources, solar-powered systems often
integrate a TES [9]. While most commercial Concentrating Solar Thermal (CST) plants with
TES use thermal oils or molten salts in a two-tank configuration, rock beds (RBs) present ad-
vantages like material abundance, cost-effectiveness, and wide temperature range applicabil-
ity, allowing direct heat transfer between the working fluid and storage media. Literature in-
cludes various studies on integrating PTC systems with TES for Industrial Process Heat (IPH)
applications. Akba et al. [10] dynamically simulated a PTC solar field with two molten salt stor-
age tanks for process heat, providing a sizing methodology based on the solar fraction. Kalo-
girou [11] assessed the performance of a water-based PTC feeding a storage tank for industrial
heat supply. Silva et al. [12] analysed the techno-economic performance of a PTC system
integrated into an industrial process, optimizing the solar field and storage tank dimensions.
Othman et al. [13] modeled and experimentally validated a system where an oil-based PTC
heats a storage tank, with an oil-to-air heat exchanger used to dry sludge from olive mills. Silva
et al. [8] studied PTC integration for steam generation in a food industry requiring saturated
steam at 7 bar, with an annual consumption of 148 MWh. The system included a solar field
with Therminol 55 as the HTF, a storage tank, and a steam generator. To the best of the
authors’ knowledge, no studies have explored a system that combines a pressurized air PTC
solar field with a TES featuring two rock beds. This system is designed to heat ambient air for
pasta drying in an open loop configuration within the food industry. The presence of two parallel
storage volumes enables the simultaneous supply of thermal load from one rock bed and en-
ergy storage from the solar field in the other. The objective of this study is to assess the use
of a dual rock bed heat storage system powered by air-fed PTC solar field. Its advantages
include the ability to achieve very high temperatures. Although this solution may be less effi-
cient in terms of collector thermal performance, this plant allows storing, for a given volume, a
great amount of sensible energy within the rock beds. Furthermore, direct heat exchange within
the rock bed allows for the discharge of the tank down to the temperature required by the
thermal process. The air thus enables flexible operation over a wide temperature range. This
study evaluated the system’s performance by analyzing different configurations of the PTC
modules in series and parallel. The system modeling was conducted using TRNSYS software
integrated with Matlab® for thermodynamic modeling of the dryer and the control strategy im-
plementation. The article is structured as follows: Section two describes the plant layout and
its main components, the numerical model, and the control strategy. Section three presents
the results of the annual SF analysis. Finally, section four outlines the conclusions and future
developments.

2. Materials and Methods

2.1 System and Component Description

The entire system comprises a heat generation section and a utilization section, with a nominal
load of 120 kW, both managed through a control logic. The interface component between the
two sections is the TES system, represented by two rock beds of the same size, operating in
parallel during both charging and discharging phases. Figure 1 depicts the proposed plant in
one of its operational configurations and its main components.
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Figure 1. Power plant layout and main components.

The generation section features a closed loop where air at 10 bar pressure circulates
through the solar field [14],[15]. As the air passes through the PTC, it heats up, and diverter-3
directs it to the rock bed in the charging phase. In the utilization section, diverter-2 directs
ambient air to the rock bed in the discharging phase. The hot air flows through the dryer, trans-
fers part of its sensible heat to incoming air, and is then expelled, as is typical in food industry
applications [11]. This study assumes that the dryer operates continuously, as is typically the
case in large-scale industrial applications [12]. If the storage system does not have sufficient
energy to meet the dryer’s temperature requirements, diverter-1 directs the incoming air to the
auxiliary heater. Conversely, if the air temperature exiting the RB in the discharging phase
exceeds the temperature required for the dryer, diverter-1 bypasses part of the total mass flow
exiting the recuperator to mix with the remaining air flow rate from the RB in mixer-1 to achieve
the desired temperature for the dryer.

2.2 Numerical Model

To assess the energy performance of the proposed system with various solar field sizes, an-
nual dynamic simulations were conducted using TRNSYS18 on a 15-minute time step [16].
The system components were modeled using Types 15 and 16 for climatic data, Type 74 for
the solar field, Type 10 for the rock bed, Type 5 for the recuperator, Type 6 for the auxiliary
heater, and Type 148 for the diverters. In the analysed case study, the climate data was based
on Crotone, ltaly, with the solar field set to an East-West tracking axis to achieve the best
performance throughout the year [17], [18].The dryer was modeled in Matlab® as an adiabatic
environment maintained at 90°C by using the energy and mass balance equations [19]:

mdryer ' hair,l + mp ' hp,I +m,, - hwp,I = mdryer ' hair,O + mp ’ hp,O +m,, hwp,O (1)

mw,l - mw,O = mp ' ((Pp,l - (Pp,O) = mdryer ' (Xair,o - Xair,I) (2)

where X, is the absolute humidity of the air, with hai, hp, and hw, representing the en-
thalpies of drying air, pasta, and water in the pasta, respectively. The model's unknowns are
the processed mass flow rate and the exiting air’s absolute humidity. The pasta’s specific heat
was set at 2.485 kJ/kg K, with inlet and outlet temperatures of 52°C and 44°C, indicating ther-
mal equilibrium between the pasta and its water content [19], [20]. It was assumed that an air
flow rate of 5 kg/s passes through the dryer, transferring sensible heat and absorbing moisture
due to the evaporation of the water content (¢r) from the processed pasta flow rate. The water
content in the pasta must be reduced from 30% to 11% by weight, in accordance with national
regulations [19]. The air enters the dryer at an inlet temperature of 110 °C, as required by the
user. This temperature is chosen to efficiently transfer heat to the water in the pasta and to
lower the relative humidity compared to ambient conditions, thereby enhancing the mass trans-
fer process. The TES system consists of two RB filled with quartz, as this material provides
thermal stability up to temperatures of 1000 °C and is suitable for storage in CSP applications
[21]. To minimize thermal losses to the environment, it was assumed that each RB is insulated
and has a global heat loss coefficient of 0.28 W/m?-K [13]. The TES volume was sized by
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considering that the stored energy must cover the daily energy requirement of the dryer over
24 hours. The minimum temperature achievable during the discharge phase was set to the
inlet temperature required by the dryer, while the maximum temperature to which the RB can
be charged was set at 400 °C. This value strikes a balance between minimizing storage volume
and limiting thermal losses to the external environment. The assumed void fraction is 0.3, while
the density, specific heat, and thermal conductivity are 2500 kg/m?3, 0.8 kJ/kg-K, and 3.0
W/m-K, respectively [22]. This study assumes that the maximum temperature achievable by
the air exiting each collector series is limited by the absorber tube material’s maximum allow-
able temperature [23]. To identify the highest air temperature before the control system inter-
rupts the solar field feed, the Gnielinski correlation for gaseous fluids was iteratively applied at
the tube’s outlet to calculate the convective heat transfer coefficient [14], [24].

2
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where Di,, L, Re, Pr, kair and € represent the inner diameter of the tube, tube length, Reyn-
olds number, Prandtl number, thermal conductivity of air and friction factor, respectively. For
further clarification, see Ref. [14]. T and T are the temperature of the inner surface of the
absorber and the temperature of the air in the considered section, respectively. Adopting a
conservative approach, the maximum thermal flux incident on the absorber tube (®max) was
calculated by considering the maximum Direct Normal Irradiance (DNImax) of 990 W/m? incident
on the parabolic PTC mirrors at the specified location, while convective and radiative losses
from the absorber were neglected.

Pmax = DNI gy - €OS(D) * Prmirr * Tenv * Xabs * YV * j::: (4)
Each assembly's module has an aperture width of 5.75 m, a length of 12.5 m, and a Dj, of
0.076 m. The mirror reflectivity (pmirr), glass envelope transmissivity (Tenv), receiver absorptance
(aabs), and tracking error factor (y) are 0.94, 0.96, 0.95, and 0.92, respectively [25], [26]. Finally,
Apar represents the gross area of the parabolic mirrors, while Aaps is the area of the absorber
tube. At this stage, the expression for Ty is derived as a function of the convective heat transfer
coefficient by equating the maximum thermal flux to the convective thermal flux exchanged
between the absorber tube and the heat transfer fluid [27].

Ty =24 Toiy (5)

By substituting Eq. (5) into Eq. (3), the value of Ta.r was varied iteratively until the corre-
sponding value of the convective heat transfer coefficient h provided a Tw value within the
material’s limits. AISI 316L stainless steel, commonly used in PTC absorber tubes, was se-
lected for its high melting point of 1400°C and maximum operating temperature of 1100°C [28].
The absorbers were coated with Pyromark 2500, which can withstand up to 1000°C [25].
Through iterative testing, the outlet air temperature (Tair_outmax) was found to reach 867°C, with
a wall temperature of 986°C. Using the ideal gas law, the air density at these temperatures
and operating pressures was calculated, allowing for the determination of the air mass flow
rate for each collector string as per Eq. (6):

2

My = Pairyy; * (%) " Umax (6)

For air temperatures up to 867 °C at the PTC outlet, this mass flow rate is the maximum
that ensures the fluid velocity exiting each string—and therefore throughout all other sections
of the tube—stays below the 20 m/s velocity limit [16]. This results in a maximum air mass flow
rate per string of 0.28 kg/s. The parametric analysis considered solar field configurations with
1, 2, and 4 collector strings in parallel. For each configuration, the number of modules in series
per string varied from 4 to 20, increasing in increments of 4. To evaluate the system’s perfor-
mance as a function of solar field size, the SF was defined as the ratio of the annual energy
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saved from conventional sources through the proposed system to the annual energy that would
have been required to supply the same thermal load using a conventional drying system (Eicad).

SF — Eroad—Eaqux (7)

Eload
2.3 Control Strategy

The TES system facilitates operational continuity by allowing one RB to be charged with hot
air from the PTC while the other RB simultaneously discharges to supply the dryer. The con-
trolled components within this system perform key functions to maintain this balance. Diverter-
1 diverts part of the air mass flow rate from the recuperator to Mixer-1 if the temperature from
the discharging RB exceeds the set-point temperature for the dryer; if neither RB can dis-
charge, Diverter-1 redirects all airflow to the auxiliary burner. Diverter-2 and Diverter-3 manage
the airflow to support the discharging and charging phases of the two rock beds, respectively.
Meanwhile, Fan-2 either enables or disables the solar field supply based on the control signals.
The control system defines the states of the valves, and the fan based on the state of charge
(SOC) of the RB and the outlet temperature of the heat transfer fluid from the solar field
(Tout_p1c). In particular, to evaluate the charge level of the rock bed, the state of charge (SOC),
assessed based on the average temperature Trg evaluated at various points along the height
of the rock bed, was defined as:

SOC = _TRBE"TRBmin 8)
TRBmax ~TRBpmin

where Tremin and Tremax represent the minimum allowable temperature of the rock bed
during discharge, and the maximum temperature at which the rock bed can be charged, re-
spectively. To effectively charge the designated rock bed, the Tour prc must fall between the
RB’s temperature and the maximum allowable air temperature. To minimize frequent switching
between operational phases, lower and upper deadbands are set at 5% and 95% of the SOC,
respectively. If both rock beds have a SOC within the 0-100% range, no switching occurs, and
each continues in its current phase, either charging or discharging. However, if the RB in the
charging phase reaches a 100% SOC, it only switches to discharging when the other rock
bed’s SOC falls below 95%, during which the PTC is shut down. Conversely, if the discharging
RB reaches a 0% SOC, it is enabled for charging once the other’s SOC reaches at least 5%,

with the dryer being powered by the auxiliary heater up to that point.

3. Results and Discussion

Figure 2 presents the annual solar fraction results, analyzed by the number of modules con-
nected in series per string and varying the number of strings in parallel, representing the total
air flow rate in the closed loop. Each collector string handles an air flow rate of 0.28 kg/s, and
each rock bed has a storage volume of about 48 m3.
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Figure 2. Annual SF as a function of solar field size.

The SF increases with the number of modules, as higher Tour prc enhances the charging
frequency of the RB and reduces the time to reach the lower deadband. Conversely, fewer
collectors in series yield insufficient PTC outlet temperatures for charging the RB. At 12 mod-
ules, a peak solar fraction is reached, beyond which values stabilize due to the collector’s
decreased thermal efficiency with longer string lengths. Additionally, as the air temperature
frequently exceeds the absorber’s safety limit, interruptions in the solar field’s operation be-
come more common. The maximum solar fraction values are 25%, 51%, and 85% for 1, 2, and
4 parallel collector strings, respectively. As the number of modules increases, so does the
annual solar fraction with the number of parallel strings. For a given storage volume, a higher
total air flow rate decreases the frequency of bypass activation on Diverter-1, as illustrated in
Figure 3a) and Figure 3b) for 1 and 4 parallel strings, respectively. The figures illustrate the
control variables’ behavior over 12 modules from June 1 at 00:00 to June 4 at 23:59, show-
casing the described control logic. Black dashed lines mark the temperature deadbands, and
the red dashed line indicates Tair_outmax-

‘‘‘‘‘

Ther ——

Figure 3. Trend of control variables for the configuration with 12 modules in series: a) For a single
string of collectors b) For four strings of collectors in parallel.

In the solar field featuring four parallel collector strings, the variable Ygp remains zero,
contrasting with the single-string scenario where there are times neither RB can power the
dryer. With four strings, the exit air temperatures from the PTC are higher due to the increased
RB temperature during charging, leading to higher inlet temperatures for each absorber string.
Figure 4 displays the monthly solar fraction related to the number of parallel rows of PTCs,
using 12-module series strings as a reference. The trend indicates improved performance dur-
ing the summer months due to higher solar radiation intensity. Specifically, with four strings,
the system satisfies the user’s full thermal demand. Additionally, for a given month, it is noted
that the best performance is associated with a higher total air flow rate.
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4. Conclusions

This study explored a novel PTC solar system integrated with a TES consisting of two rock
beds for an industrial pasta drying process that requires a constant thermal power of 120 kW.
The system utilized pressurized air as HTF, achieving temperatures up to 867°C without dis-
rupting the solar field’s operation. The dual rock bed TES facilitated both the simultaneous
supply and storage of thermal energy from the solar field. Moreover, the added value of using
the dual rock bed storage system, and thus the direct use of air for both the charging and
discharging phases, lies in the ability to exploit a wide temperature difference within the storage
tank. Indeed, if molten salts were used as the HTF, it would not be feasible to cool the storage
tank during the discharge phase to temperatures close to those required by the user, due to
the limitations imposed by the high melting point. Even when using thermal oil, however, the
system would still require a secondary circuit with additional heat exchange systems to transfer
the thermal power to the dryer, adding complexity to the plant. To assess the system'’s efficacy,
fifteen dynamic simulations were conducted using the solar fraction as the primary perfor-
mance metric. The findings indicated that the SF improved with an increase in both the number
of modules per string and the number of parallel strings. The optimal system configuration—
comprising 12 modules in series and four parallel strings—achieved an 85% solar fraction,
with a total airflow rate of 1.12 kg/s and a collector area of 3450 m2. Notably, during the summer
months, this configuration successfully satisfied the thermal demand of the dryer. Further
works will include a techno-economic analysis to calculate the Levelized Cost of Heating
(LCOH) as a function of the storage and solar field sizes, aiming to determine the most cost-
effective configuration.
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