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ARTICLE INFO ABSTRACT
Keywords: This work presents the design and preliminary assessment of a Solar Heat for Industrial Processes (SHIP) pilot
Solar heat for industrial process system developed in Uruguay for operation in the 100-150°C range. The proposed system integrates a non-

CPC collectors
Concrete thermal energy storage
Academia-industry collaboration
Pilot prototype

tracking compound parabolic collector (CPC) field with a concrete-based thermal energy storage (TES) unit
within a closed-loop pressurized water—glycol circuit, designed to emulate industrial steam demand through a
tank—coil heat exchanger. It is designed for a nominal thermal output of 10 kW and an aperture area of ~25 m?,
prioritizing local manufacturability and operational simplicity. The design methodology combines simplified
analytical models, numerical simulations (optical and thermal), and experimental testing to support component
sizing and performance prediction. Experimental characterization of the collector follows ISO 9806:2025 pro-
cedures at the Laboratorio de Energia Solar, while TES design is supported by numerical modeling and laboratory
evaluation of concrete formulations. Preliminary results from a 3.9 m? CPC prototype show a peak optical ef-
ficiency of 33.5%, below the expected range, with analysis indicating that thermal losses remain within design
values and that performance deviations are mainly associated with optical and manufacturing factors. For the
TES, thermal conductivities of up to 2.65 W/m-K were measured for selected concrete mixes, although variability
in the measurements highlights the need for further testing. Numerical results indicate that the proposed
configuration supports thermal stratification and effective charge-discharge behavior. Overall, the proposed
methodology supports the conceptual design and preliminary assessment of the SHIP pilot plant and provides a
sound basis for further experimental validation and techno-economic assessment.
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Introduction

The industrial sector remains one of the primary contributors to
global greenhouse gas emissions, largely due to its heavy reliance on
fossil fuels for thermal processes. Specifically, industries such as food
processing, chemical production, and general manufacturing require
process heat, often in the form of steam, in the medium-temperature
range of 100-200°C [1,2]. While renewable electricity has seen signif-
icant growth, technologies for renewable industrial heat remain
underutilized. In this context, solar heat for industrial processes (SHIP)
is gaining traction as a key strategy for industrial decarbonization [3-6].

This project, launched in 2024 as a collaboration between academic
researchers and a local metal-mechanical company, focuses on the
development of a solar thermal system designed to provide both solar
heat generation and thermal energy storage. The objective is to achieve
a cost-effective solution, competitive with fossil fuel alternatives, using a
preliminary viability threshold of 500 USD/m? [1] ! This paper presents
the design, fabrication, and assembly of the prototype, together with
preliminary experimental and numerical results, while full-system
operation and techno-economic evaluation are left for future work.

Solar heat for industrial processes

SHIP has received increasing attention as a pathway for decarbon-
izing industrial energy demand. Recent studies and international reports
highlight the growing deployment of SHIP technologies worldwide,
although their contribution to the global energy mix remains limited [3,
5]. These reports provide comprehensive assessments of installed ca-
pacity, technology trends, and the role of solar thermal systems in
reducing fossil fuel consumption and COz emissions.

To address heat production above 100°C, several technological al-
ternatives exist, including parabolic trough collectors (PTC), compound
parabolic collectors (CPC), linear Fresnel reflectors (LFR), central tower
systems (TC), and parabolic dish concentrators (DP) [7,8]. While these
technologies are commercially available worldwide, the Uruguayan
solar thermal market is currently limited to low-temperature applica-
tions such as domestic hot water, primarily using flat-plate and evacu-
ated tube collectors. Although there is some local research experience in
PTC development [9,10] and in feasibility analyses of PTC and Fresnel
technologies [1,11], there are no commercial installations in the country
supplying heat above 100°C.

Technologies capable of operating efficiently in this temperature
range generally require solar concentration. PTC and LFR systems utilize
solar tracking to reach temperatures up to 400°C, but involve higher
structural and operational complexity. In contrast, CPC collectors pro-
vide moderate concentration on a linear absorber without requiring
solar tracking, making them particularly suitable for the 100-150°C
range [8]; [12,2], with potential for higher temperatures under opti-
mized conditions [5].

For this project, the technology selection was guided by the Choosing
by Advantages (CBA) methodology [13]. The objective was to identify a
system capable of reliably delivering steam in the 100-150°C range

! Preliminary viability threshold of 500 USD/m? is obtained by adapting a
previous analysis [12], which compared the economic viability of solar
concentrating technologies for complementing fossil fuel in industrial heat in
Uruguay.
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while maximizing local manufacturing and minimizing operational
complexity and risk. The evaluation considered PTC, LFR, and CPC
technologies according to the following criteria:

e Performance: efficiency under target operating conditions and en-
ergy yield per unit area.

o Feasibility: assembly complexity, availability of local components,
and degree of national design participation.

e Operation: safety, maintenance requirements, and operational
simplicity.

The analysis showed that, although PTC and LFR systems offer
higher peak performance, they require specialized components and
tracking systems that increase system complexity. The CPC was there-
fore selected as a more balanced solution, providing adequate thermal
performance within the target range while enabling simpler assembly,
reduced dependence on imported components, and lower operational
risks, such as avoiding the need for defocusing during stagnation events.

The selection of CPC technology is further supported by recent
studies demonstrating its versatility for solar heat applications, spanning
a wide range of configurations and performance levels. Experimental
and numerical works have explored CPC systems using thermosiphoning
and nanofluids, optimized geometries, and hybrid working fluids,
achieving temperature ranges from below 100°C up to 300°C and effi-
ciency improvements under specific conditions (e.g., [14-17]). Other
contributions have focused on advanced optical characterization, such
as the dynamic concentration factor for CPC evaluation [18], or on
large-scale implementations, such as external CPC arrays delivering
process heat in the 70-170°C range with competitive costs [19].

Despite these advances, most reported systems operate without in-
tegrated thermal energy storage, limiting their ability to provide dis-
patchable heat for industrial applications. In this context, the present
work differs from most previous studies by targeting the 100-150°C
range with a CPC-based system coupled to a concrete thermal energy
storage unit, enabling improved operational flexibility while maintain-
ing a design oriented toward local manufacturability and cost-
effectiveness.

Thermal energy storage

The integration of thermal energy storage (TES) is essential for in-
dustrial solar thermal systems, as it decouples heat generation from
demand, enabling more stable operation and improving dispatchability.

Conventional mid-temperature solutions, such as pressurized water
tanks or thermal oil systems, significantly increase capital costs due to
the requirement for high-pressure vessels. Consequently, this work fo-
cuses on concrete-based TES as a more viable and cost-effective alter-
native. Sensible heat storage in concrete is a mature technology that has
been demonstrated in power generation applications [20-23]. These
systems typically consist of an array of tubes embedded within a con-
crete block. During the charging process, a hot fluid circulates through
the tubes, transferring heat to the solid medium, while during discharge,
the solid medium delivers heat to the circulating fluid.

The selection of concrete for the prototype design is based on several
advantages: (i) local manufacturability, leveraging existing expertise in
civil engineering and materials; (ii) cost-effectiveness, due to low ma-
terial costs and the potential for modular prefabrication; and (iii)
versatility, as it can accommodate a wide range of heat transfer fluids
and pressurized cycles more effectively than large storage tanks.

Recent review studies [24,25] summarize advances in
concrete-based thermal storage, generally focused on higher tempera-
ture ranges than those considered in this work. These studies highlight
key challenges related to fabrication techniques, material formulation,
and system design, which directly affect construction feasibility and
thermal performance. They also report both experimental methods for
property characterization and numerical approaches for evaluating
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thermal behavior.

Within this context, the present work addresses key design-stage
challenges of the concrete-based TES system developed for the project
pilot plant. These include the low thermal conductivity of
concrete—explored through different formulations and additives and
supported by preliminary experimental characterization of thermal
conductivity— as well as the definition of storage geometry to meet
power and capacity requirements under cost constraints. The transient
thermal behavior during charging and the resulting thermal stratifica-
tion are also analyzed. Since the TES unit has not yet been constructed,
the reported results are limited to design studies, material character-
ization, and numerical simulations. Experimental validation of the
complete storage system, including long-term performance, remains
future work.

Scope and objectives

Despite significant advances in CPC-based collectors and thermal
energy storage (TES), most studies focus on individual components or on
isolated methodological approaches (e.g., numerical or experimental).
Integrated collector-storage designs at pilot scale, addressing realistic
operating conditions from a system-level perspective, remain relatively
scarce. This gap limits the translation of component-level knowledge
into practical engineering solutions for industrial heat supply.

In this context, this work presents the early-stage development of a
pilot SHIP system from a system-level perspective, targeting represen-
tative industrial heat demand conditions. The focus is on engineering
design, component integration, and preliminary validation through a
combination of analytical models, numerical simulations, and experi-
mental results. Detailed system operation and techno-economic assess-
ment are beyond the scope of this study.

The paper describes the design and anticipated operation of a pilot
plant currently under construction. While no full-system tests are re-
ported, a first CPC collector prototype has been designed, fabricated,
and experimentally characterized. For the thermal energy storage
component, the design methodology, first-stage material characteriza-
tion, and numerical performance assessment are presented; however,
experimental validation of the complete TES unit remains future work.
Component sizing, control strategies, and safety considerations are
presented as design outcomes supported by standard engineering
methods and supplier data. Discrepancies between model predictions
and experimental results are analyzed to identify key limitations and
guide design improvements.

The main contributions of this work are:

e An integrated methodology for CPC collector design and analysis,
combining ray-tracing, thermal modeling, and experimental testing
to identify dominant loss mechanisms and key design parameters.
Experimental-numerical evaluation of reflector materials, linking
spectral reflectance measurements with ray-tracing simulations to
assess the role of specular and diffuse components under CPC
geometry.

Design and initial assessment methodology for a concrete-based TES
prototype, based on a two-stage approach (analytical pre-
dimensioning and transient numerical modeling), supporting its
application in mid-temperature systems.

System-level design framework for pilot-scale SHIP systems, inte-
grating collectors, storage, and hydraulic/control subsystems to
meet representative industrial heat demand conditions under real-
istic operating constraints.

The remainder of the paper is organized as follows. Section 2 de-
scribes the system design methodology, modeling approaches, and
experimental procedures. Section 3 presents the main results, including
collector performance and TES evaluation. Section 4 summarizes the
conclusions and outlines future work toward full system operation and
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validation.
Materials & methods

This section presents the modeling framework and the initial
experimental activities that support the design and evaluation of the
system components. Numerical modeling is applied to support compo-
nent sizing, performance prediction, and sensitivity analysis. Simplified
models are developed for the main system components (solar collectors,
thermal storage, heat dissipator, and piping), focusing on the dominant
design parameters. These models build on previous developments by the
academic team and are complemented by dedicated formulations for the
concrete accumulator and the solar collectors. These simplified models
are validated against more detailed numerical simulations using
advanced tools such as OpenFOAM and Tonatiuh, complemented by in-
house developments.

Rather than applying these tools in isolation, this work adopts an
integrated approach that combines simplified models, state-of-the-art
numerical simulations, and experimental activities within a consistent
design framework. This integration links system-level design decisions
with detailed component behavior, while the combined use of advanced
simulations and targeted experiments enables both the validation of
model predictions and the identification of key design parameters and
performance limitations. This integrated approach is particularly valu-
able for the analysis and design of the main system components, namely
the solar collector and the thermal energy storage system, under realistic
operating conditions.

The detailed development of the models and experimental method-
ologies for each component has been presented in previous works within
the framework of SWC 2025 [26-28]. In this article, only the key aspects
are summarized to provide a coherent overview of the pilot plant design.
The reader is referred to those contributions for a more comprehensive
description of the modeling approaches and experimental procedures.

In the first subsection (2.1), the overall system design methodology is
described, including the installation layout, operating modes, fluid cir-
cuit conditions, and the design and selection criteria for the main system
components, such as the cooling heat exchanger, piping, expansion
system, control devices, and instrumentation. Subsection 2.2 describes
the methodology adopted for the design, manufacturing, and testing of
the solar collector, while Subsection 2.3 describes the design method-
ology and experimental procedures associated with the thermal energy
storage system. Since the pilot plant is currently under construction, the
results presented in this work combine design studies, numerical ana-
lyses, and component-level experimental characterization, while full-
system validation remains future work.

Pilot plant design and operating modes

A schematic of the proposed system and its operating modes is pre-
sented in Fig. 1. It integrates an array of compound parabolic concen-
trator (CPC) collectors with vacuum tubes for solar heat capture, and a
modular concrete-based thermal energy storage module with embedded
metallic piping, where each component is connected through a closed-
loop primary fluid circuit.

The conceptual facility is intended to operate in five main modes:

Direct production: the working fluid carries heat from solar collec-
tors directly to the industrial process when useful power is lower
than (or equal to) heat demand.

Storage (charge): useful heat is directed to the concrete thermal
storage unit for later use.

Indirect production (discharge): process heat is supplied from the
thermal storage during low-solar periods.

Parallel (surplus; shown in Fig. 1): collectors simultaneously supply
both the process and the storage when heat generation exceeds
demand.
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Fig. 1. Schematic diagram of the solar thermal pilot plant and operating modes.

e Parallel (compensation, not shown in Fig. 1): collectors and TES
jointly supply the process heat demand.

The system is designed to deliver a nominal thermal power of about
10 kW under reference conditions: irradiance Gpen = 1000 W-m™2,
ambient temperature T, = 20°C, and mean fluid temperature Ty ~
145°C. The selection of operating conditions is guided by combined
thermal and pressure constraints, including limits on maximum tem-
perature, the need to maintain a sufficient temperature difference for
sensible heat storage, the requirement to emulate representative in-
dustrial heat demand, and typical pressure ratings of industrial com-
ponents. Accordingly, nominal primary-loop temperatures are set to
160°C at the collector outlet and 135°C at the process outlet, corre-
sponding to steam generation at approximately 130°C, while the system
is designed to operate at a nominal pressure of 7 bara with a maximum
allowable pressure of about 10 bara. These operating conditions provide
a consistent basis for component sizing and integration, ensuring
coherent operation under a common set of requirements. The design
methodology and the steps followed are presented in the following
sections.

Dimensioning of collector field and cooling heat exchanger, and expected
performance

The useful power produced by the collector, denoted as Q,,, is defined
according to the thermodynamic model presented in the ISO 9806
(2025) standard [29] for glazed collectors as follows:
2 dT;

—as )

The terms Gy and G4 represent the direct and diffuse solar irradiance
on the collector plane. The variable Ty is the mean fluid temperature
(average of inlet and outlet), and T, is the ambient temperature. The
collector performance is described by the parameters ng b, Kp, Kg, a1, a2,
and as. The parameter 1 1, is the peak efficiency at normal incidence for
direct irradiance. The coefficients a; and ap represent thermal losses.
The parameter as corresponds to the effective thermal capacity divided
by the aperture collector area (A). The factors Kp and Ky describe the
incident angle modifier (IAM) for direct and diffuse irradiance, respec-
tively. All parameters are constant except Kp, which depends on the
incidence angle of the direct beam, 6. For convenience, the aperture area
is used as the reference instead of the gross area specified in the stan-
dard. By dividing this equation by the global hemispherical solar irra-
diance on the collector plane (Gpen), and assuming normal incidence (Kp

QKoo+ KiGal — ay (Ty — T) — a(Ty — T,)

A (€Y

= 1), clear-sky conditions (diffuse fraction of 15%), and steady-state
conditions (dTy/dt = 0), the collector efficiency can be expressed as:

T —Ta
Ghem

(T - T.)*
2

Ghem @

= MNopem — X1

Where N hem is the peak efficiency at normal incidence referred to
the global hemispherical solar irradiance, which is estimated as ng hem =
No,b - (0.85 + 0.15 Ky).

The sizing of the collector field is based on the assumption that the
field behaves similarly to a single collector. The system is designed to
deliver a nominal thermal power of about 10 kW under reference con-
ditions defined above. The initial design performance parameters were
estimated from commercially available CPC data and supplier literature
[30,31]: peak efficiency ng pem =~ 0.55, linear heat loss coefficient a; ~
1.3 W-m 2.K"!, and negligible quadratic heat loss term as ~ 0 W-m=2.K2,
Under these conditions (T; = 145°C and T, = 20°C), the estimated col-
lector efficiency using Eq. (2) is about 38%, which leads to a required
aperture area of approximately 26 m? to achieve Q, ~ 10 kW. Using the
selected AT = 25°C, the resulting volumetric flow rate is estimated from
the energy balance.

The primary heat transfer loop is designed to operate with a pres-
surized liquid-phase working fluid (water mixed with 30% glycol)
maintained in a subcooled liquid state at elevated temperatures to avoid
steam formation and to simplify compliance with local regulations for
steam systems. Given the objective of supplying heat that emulates
steam-generation loads for industrial processes, and considering typical
maximum temperatures for CPC systems (~150°C), the system is
designed to emulate steam production at roughly 130°C (= 2.7 bara
equivalent) at the process interface. A design temperature rise across the
collector field of 25°C (e.g., from 135°C at the inlet to 160°C at the
outlet) is adopted; under these assumptions, the nominal volumetric
flow rate for the primary loop is on the order of 6.4 L-min™".

To reproduce industrial steam demand in a controlled and safe
manner, a cooling vessel consisting of a water tank with an internal coil
is selected (the primary circuit is inside the coil; the secondary side is
saturated water/steam in the tank). The primary fluid circulating
through the coil transfers heat to the tank water, which can then produce
steam at approximately 1-1.5 bara (100-110°C). The water tank—coil
arrangement is adopted because it provides a simple and robust inter-
face to emulate steam generation while keeping peak pressures low for
safety and regulatory reasons.

The cooling coil length is determined using the e-NTU approach
[32], assuming a nearly infinite heat capacity rate for the secondary
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fluid (Cr ~ 0), which is considered to be boiling at 110°C. It is further
assumed that the cooling coil removes the nominal thermal power under
design conditions (10 kW, flow rate of 6.4 L-min™?, cooling from 160°C
to 135°C).

A bypass segment with a controllable valve allows part of the pri-
mary fluid to bypass the cooling vessel, enabling temperature regulation
and variation of the consumption profile. The selected coil length is 3.36
m, with 20% of the primary fluid bypassing the cooling vessel under the
reference conditions described above. To predict behavior at off-design
flow rates, the model applies NTU scaling with primary-side velocity
dependence, following a power-law derived from Dittus-Boelter corre-
lations (local U « v%5).

Table 1 summarizes predicted combinations of collector and cooling-
vessel performance for several irradiance levels at T, = 20°C. The col-
lector outlet temperature (T, equal to the cooling-vessel inlet temper-
ature) is assumed to be actively controlled (via pump speed modulation)
at 160°C. The cooling coil outlet temperature (T,;), solar field efficiency
(), and resulting volumetric flow rate (V) are calculated. The total heat
power produced by the solar field (Q,) is assumed to be equal to that
delivered to the cooling coil, neglecting piping heat losses. Preliminary
results indicate that, under expected operating conditions, irradiance
values down to ~500 W-m™ can still produce outlet temperatures
compatible with the process-emulation target (To; > 130°C), which
represents a practical lower operating limit for the proposed
configuration.

Working fluid circuit design and safety considerations

Component selection and circuit layout were established in accor-
dance with standard engineering practices for pressurized liquid heating
systems, taking into account applicable codes and local regulations (e.g.,
[33,34]). The system is designed to operate with a 30% propylene gly-
col-water mixture (selected to provide freeze protection and to ensure
the liquid remains subcooled at the highest design temperature). The
saturation temperature of the chosen mixture at the design working
pressures (7-8 bara) is sufficiently above the operating range (>185°C),
ensuring that the primary loop remains in the liquid phase during
normal operation.

Key design pressures adopted for component selection were a nom-
inal design pressure of 7 bara and a maximum allowable pressure of 10
bara. These values are selected to be compatible with the lowest-rated
component expected to be used and to provide a reasonable safety
margin.

Pumps, flowmeter and piping. Pump selection was driven by the highest
anticipated circuit pressure drop (worst-case mode). A centrifugal pump
equipped with a variable-frequency drive (VFD) is selected conceptually
to allow flow modulation and accommodate a wide range of test con-
ditions. A turbine-type flowmeter is selected for its suitability at the low
flow rates and elevated temperatures expected; however, preliminary
sizing indicates that the flowmeter is a significant contributor to hy-
draulic resistance in the pilot plant loop. A bypass around the pump is
included in the layout to enable pump operation at higher nominal
speeds during system filling or testing, while regulating the working
flow through a control valve.

Preliminary hydraulic resistance estimates were calculated using
standard correlations and handbook data [35], together with manufac-
turer pressure—flow curves. The longest piping run between components

Table 1
Results of estimated operation conditions of the system, combining solar field
and emulated steam generation.

GW/m?)  Tee(°C)  To(°C)  Tee(°CQ)  n(%) @, kW)  V(L/min)
1000 160 20 135.4 38.4 9.98 6.36
750 160 20 133.6 33.0 6.44 3.82

500 160 20 130.3 22.5 2.92 1.54
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was estimated at ~ 25 m; a 4" diameter pipe is selected in the pre-
liminary design to keep mean fluid velocities below ~ 1 m-s™ (~ 0.57
m-s! at nominal flow), balancing pressure drop, material availability,
and insulation cost. A 75 mm mineral wool insulation layer is included
in the thermal-loss budget, resulting in estimated steady heat losses of ~
400 W at mean fluid temperatures near 145°C and an ambient tem-
perature of 20°C (= 4% of the nominal 10 kW output; this fraction in-
creases at lower irradiance).

Expansion vessel concept and thermal coupling. Because stagnation con-
ditions (no flow, available radiation) are inevitable, an expansion vessel
is included. The expansion vessel is sized assuming a design pressure of 7
bara and a maximum operating pressure of 10 bara, limited by the
nominal pressure of the circuit components (11 bara). The calculation
follows the standard methodology for solar thermal system expansion
vessels [36], adapted to the higher pressures and temperatures of the
present installation. Since the standard approach does not explicitly
consider the final gas temperature inside the vessel, an iterative pro-
cedure is implemented, taking into account the limitations of commer-
cially available vessels (maximum pressure 11 bara, maximum
temperature 100°C) and the supplier restriction that the pre-charge
pressure must not exceed half of the maximum allowable pressure.
Accordingly, the cold pre-charge pressure is set to 5 bara.

The total installation volume, including piping, collector manifolds
and storage unit, is estimated at 60 L, and a thermal expansion coeffi-
cient of 0.1 is adopted for a 30% water—-glycol mixture between 20°C
and 150°C. A vaporization volume of 11.4 L is calculated from the col-
lector manifolds and vertical risers. The vessel is sized iteratively using
the ideal gas law to predict the final pressure during stagnation. The
analysis assumes a vessel water temperature below 40°C (before the
stagnation event) and an injected fluid temperature of 140°C in the
event of manifold vaporization. The final temperature is obtained from
an energy balance of the mixed water masses, allowing determination of
the final gas volume and pressure.

The results indicate that a nominal volume of 125 L satisfies the
design limits, leading to a final pressure of about 10 bara during stag-
nation. However, a 150 L vessel is selected due to market availability,
resulting in a maximum pressure of 9.6 bara and providing additional
margin for future expansion of the solar field.

To limit the vessel temperature to below 40°C during normal oper-
ation, the connection between the main circuit and the expansion vessel
is designed as an uninsulated short length of pipe, allowing conduction
and free convection to the ambient to reduce the temperature of the fluid
in the vessel. A conservative fin/pipe heat-transfer model (adiabatic-tip,
infinite-fin approximation) is used to size the connection length and
verify that heat gains to the vessel remain small under worst-case
ambient conditions. To account for heat transfer through both the
pipe wall and the stagnant internal fluid, an effective pipe—fluid thermal
conductivity of 23.5 W/m-K is adopted. The calculations indicate very
small heat transfer through this connecting line (on the order of 5-12 W
under conservative assumptions), supporting the validity of the
approach for maintaining vessel temperatures below 40°C under oper-
ating conditions.

Measurement, monitoring and control. The preliminary instrumentation
plan includes PT-100 class sensors at the inlet/outlet of the collector
field, the cooling vessel coil, and within the thermal storage blocks.
Additional sensors are planned for the secondary (tank) side to monitor
saturated-water/steam conditions. Pressure transducers are specified for
the solar-field outlet and the cooling vessel; additional manometers are
included for commissioning and safety checks.

Flow measurement (turbine meter), with a stated accuracy of
approximately 1% in the 1-10 L-min™' range, is used to enable reliable
energy calculations together with temperature measurements, from
which instantaneous thermal power and accumulated energy can be
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derived. A small meteorological station (plane-of-array irradiance,
global and diffuse horizontal irradiance, and ambient temperature) is
included in the instrumentation list to enable solar-to-thermal perfor-
mance calculations for both the collector field and the overall system.

A PLC-based control scheme is proposed to implement pump-speed
modulation for collector outlet temperature control (e.g., setpoint of
160°C for baseline tests), solenoid-actuated steam venting from the
cooling vessel to regulate internal pressure and temperature, and logic
for switching between operating modes (direct, storage, discharge,
parallel). All data will be recorded to a data-acquisition system for post-
processing and performance assessment during experimental campaigns
once the pilot plant is operational.

Operating modes are initially set manually through different valve
configurations; future versions of the plant design could include auto-
matic switching between operating modes as a function of irradiance,
heat demand, and system temperatures. Although the operating modes
shown in Fig. 1 allow evaluation of a range of heat-demand scenarios
and environmental conditions (e.g., heat demand higher or lower than
the heat produced by the collectors, with the possibility of storing or
releasing accumulated heat), the simplicity of the cooling device
designed for the test facility may limit the range of industrial heat-
demand scenarios that can be reproduced under real operating condi-
tions. In particular, the capability of the system to represent variable
heat-demand profiles, transient start-up and shutdown conditions, and
interaction with return flows from the emulated industrial process has
not yet been fully assessed.

Up to this point, the design of the system components follows stan-
dard engineering practice, with only minor adaptations (e.g., for
expansion vessel sizing). By contrast, the solar collector and the thermal
energy storage (TES) unit require a more detailed design methodology,
which is presented in the following sections through a combination of
simplified models, detailed numerical simulations, and experimental
activities. This reflects the limited availability of standardized design
procedures and commercially mature solutions in the local context,
particularly for the TES system.

Methodology for solar collector field design, manufacturing and testing

A non-tracking CPC collector field is proposed to ensure operational
simplicity and low maintenance costs in industrial environments. The
first prototype features a concentration ratio (CR) of approximately one
to maximize the acceptance angle, ensuring consistent solar energy
collection throughout the day without moving parts. The design choice
is motivated by the performance of low-concentration commercial col-
lectors (CR<1), whose thermal efficiencies at temperatures near 145 °C
are expected to be between 30% and 45% [30,31]°. By optimizing the
concentration profile and minimizing thermal losses, the current design
aims to achieve the 38% target efficiency established in previous
sections.

As illustrated in Fig. 2, the system integrates evacuated tube collec-
tors (ETC) with heat pipe (HP) technology. This configuration takes
advantage of the widespread availability of commercial evacuated tubes
while achieving high thermal performance at elevated temperatures.
The collector uses standard absorber tubes, whereas the manifold, cas-
ing, reflectors, and support structure are custom-designed for local
manufacturing. Fig. 2 (left) depicts the cross-section of the evacuated
tube and the reflector geometry, illustrating incident radiation in-
teractions. Fig. 2 (right) shows a schematic of the manifold section,
detailing the heat pipe integration and various fin configurations (single
and double-fin arrangements) for enhanced heat transfer.

In this system, once solar radiation is captured by the absorber sur-
face (inner tube), its temperature increases and heat is transferred to the

2 These values are highly uncertain, due to being estimated from efficiency
curves which are obtained from tests at lower temperatures.
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working fluid via heat pipes. The heat pipes act as high-conductance
thermal bridges, with effective thermal conductivities reaching orders
of magnitude higher than solid copper [37]. A significant operational
advantage of this "dry-connection" design is the ability to replace indi-
vidual tubes in the event of failure without requiring a full system
shutdown. The selected evacuated tubes have an outer diameter of 58
mm and an inner tube diameter of 47 mm, with a glass thickness of 1.6
mm and an active evaporator length of 1715 mm. Including the adia-
batic section, condenser, and manifold insulation, the total unit length is
approximately 2 m.

The selective absorber surface is located on the outer surface of the
inner tube (47 mm diam.) with 93% absorptance and 5% emittance,
based on manufacturer datasheets. The glass cover provides a high
transmittance of 88%, resulting in a typical design transmittance-
absorptance product near 0.8. Based on a technical datasheet of
locally available ETC collectors [30], the stagnation temperature is ex-
pected to exceed 230°C, providing a wide safety margin for the target
100-150°C range. Additionally, the design incorporates a tilt correction
system to ensure a minimum inclination of 20° facing north, a physical
requirement for proper gravity-assisted operation of the heat pipes.

Thermal insulation in the manifold is designed to limit thermal losses
to approximately 2% of the nominal power (=200 W) for fluid and
ambient temperatures of 145°C and 20°C, respectively. A 150 mm layer
of glass wool is required to meet this target.

To optimize both optical and thermal efficiency, a combination of
modeling approaches and experimental tests is used. Ray-tracing simu-
lations combined with experimental reflectivity measurements are used
to evaluate optical performance, while thermal modeling is developed to
assess heat-transfer behavior. These results are compared with experi-
mental thermal performance characterization of solar collectors per-
formed in a solar collector test bench.

Optical design and reflector geometry

To capture both beam and diffuse radiation without tracking, and
given the design constraint of CR = 1, an involute reflector profile is
adopted (Fig. 2, left). Under ideal optical conditions, this geometry di-
rects all incident rays onto the absorber surface, independently of their
angle of incidence within a 90° acceptance range. This requirement
inherently limits the maximum concentration ratio to unity (CRyax = 1),
as the involute must remain perpendicular to the tangents of the cylin-
drical absorber [38].

For the first prototype, considering local availability, cost, and ex-
pected durability, reflective sheets of commercially polished stainless
steel (CPSS) from the AISI 300 or 400 series are proposed, with a
thickness range of 0.5-0.8 mm. Stainless steel is known for its durability
even outdoors and, unlike other reflective materials, CPSS is available in
the Uruguayan market. However, comparison of the optical properties of
CPSS and other reflective surfaces is also presented in further sections.

Optical performance is analyzed using Tonatiuh [39], an
open-source software based on the Monte Carlo ray-tracing method,
which allows accounting for both specular and diffuse surface reflec-
tance, both of which are expected to be relevant due to the short distance
between the reflector and the absorber. By analyzing the ratio of rays
incident on (and absorbed by) the absorber surface to the total rays
arriving at the aperture area, optical efficiency can be determined. This
is performed for normal incidence and also for various transversal (87)
and longitudinal (0;) incidence angles.

Thermal modeling

The thermal performance of the system is evaluated through a model
that accounts for the total thermal resistance from the absorber to the
working fluid, as schematized in the electrical analogy of Fig. 3. Heat is
conducted from the absorber surface (8) through aluminum fins (10) to
the HP evaporator (9), where the numbers correspond to those in Fig. 2.
The design considers vacuum tube configurations with one or two fins,
where a second fin improves heat transfer at a higher cost. From the
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Fig. 2. Left: Cross section of evacuated tube and reflector geometry, indicating normal incident radiation and interactions. Right:. Scheme of a section of the
manifold with one HP and a vacuum tube. a) Front view of the system. b) Cross-section view of a VT with one fin. ¢) Cross-section view of a VT with two fins. 1-
Manifold. 2-Working fluid. 3-Socket. 4-Thermal paste. 5-HP condenser. 6-Reflective plate. 7-Vacuum tube. 8-Absorber. 9-HP evaporator. 10-Aluminium fins.
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Fig. 3. Electrical equivalent diagram of the temperatures and thermal resistances of the system. Temperature nodes: Ta - ambient; Ty - sky; T - fluid; Taps - absorber
surface; Te.ou - €vaporator external surface; Tc.oy - condenser external surface; T - copper socket welded to the manifold.

condenser (5), heat crosses a layer of thermal paste (4) to reach the
copper socket (3) welded to the manifold (1), where it is finally trans-
ferred to the fluid through forced convection (either directly through the
socket wall or through the manifold pipe wall by a fin-like mechanism).

With the developed thermal model, whose formulation and valida-
tion are presented in another work [26], node temperatures are calcu-
lated for a range of working fluid temperatures, assuming an ambient
temperature of 20°C and typical clear-sky irradiance conditions (Gp =
850 W/m?, Gq = 150 W/m?). The model predicts the useful heat output,
thermal losses, and overall system efficiency. To maximize efficiency,
the absorber temperature must be minimized for a given heat flux,
which is accomplished by minimizing the thermal resistances in the heat
path.

The manifold design (main diameters, pipe, and socket thicknesses)
is supported by the model. Through a detailed 2D thermal analysis that
considers conduction heat transfer within the manifold sockets and pipe
wall, as well as convection between the water socket and manifold inner
surfaces, the corresponding thermal resistances are determined.

Furthermore, a sensitivity analysis is performed for the main pa-
rameters of the system, including flow rate, thermal paste used, and the
number and thickness of the internal aluminum fins (which were found
to vary across fin configurations for locally available heat pipe evacu-
ated tubes).

Experimental test methods

Four different materials were studied as potential reflectors to
evaluate their performance and durability, including commercially
polished stainless steel from the AISI 300 or 400 series, pristine and aged
commercial polished aluminum, and high-reflectivity aluminum spe-
cifically designed for solar applications. The spectral reflectance of these

materials was measured using an Ocean Optics S2000 spectrometer and
an Ocean Optics ISP-REF integrating sphere, providing the optical
properties required for the subsequent ray-tracing simulations and
performance models. Total and diffuse reflectance were measured, and
specular reflectance was obtained as the difference between the two. To
incorporate these results into ray-tracing simulations, a methodology
was developed to convert experimental test results into total reflectance
and surface roughness values.

For evaluating the thermal performance of the solar collectors, the
Solar Water Heater Test Bench (BECS, for its name in Spanish) at the
Solar Energy Laboratory of Universidad de la Reptblica (Salto, Uruguay)
is used. Experimental procedures follow the ISO 9806:2025 [29] stan-
dard and include both steady-state and quasi-dynamic testing condi-
tions. Although the current facility limits active testing to a maximum
fluid temperature of 100°C, the results allow for a reliable extrapolation
of the efficiency curve up to approximately 130°C with acceptable un-
certainty. This range is sufficient to characterize the optical efficiency
and the primary thermal loss coefficients. First, a modified commercial
CPC-ETC collector was tested for model calibration [Rodriguez-Munoz
et al., in press]. Subsequently, a first prototype of the designed and
manufactured CPC-ETC collector was also tested, and its results are
presented in this work.

Once the pilot plant is operational, in situ performance tests at higher
operating temperatures are planned.

First prototype characteristics and fabrication methods

The prototype design is derived from the methodology described
above and represents a first iteration aimed at experimentally evaluating
the design and identifying opportunities for improvement. The collector
module consists of 15 heat pipes with a stainless steel reflector and a
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concentration ratio of CR ~ 1, resulting in a total width of 2.25 m and an
aperture area of 3.9 m? This configuration is selected to comply with
size constraints of the BECS test bench.

The complete collector field consists of six such modules, resulting in
a total aperture area of approximately 24 m?, consistent with the target
thermal power of ~10 kW defined in Section 2.1.

The reflector geometry was fabricated using a CNC press brake, with
a planned transition to stamping dies to eliminate faceting and ensure a
continuous optical profile. The manifold is constructed from copper
using CNC laser cutting and welding, while the support structure is made
of 1.5-2 mm galvanized steel.

Fig. 4 (left) shows the fabricated copper manifold, while the right
panel presents the assembled prototype mounted in the BECS facility for
experimental testing.

Thermal energy storage design methodology

The selected TES unit consists of a concrete-based solid—fluid heat
exchanger, in which water flows through an array of tubes embedded in
a concrete matrix, similar to configurations reported in the literature
[20,21,23,40]. The storage unit is designed as a block-type accumulator
operating under alternating charge and discharge phases: during
charging, a high-temperature working fluid heats the concrete matrix,
while during discharge, the stored heat in the concrete is transferred
back to the fluid.

Carbon steel was selected as the pipe material due to its proven
chemical and mechanical compatibility with concrete, ensuring struc-
tural integrity under repeated thermal cycling. Laboratory testing was
conducted to determine the thermal conductivity of candidate concrete
formulations, supporting the selection of suitable mixtures [20,21].
Accordingly, the concrete composition and the thermal design of the
storage unit are addressed as key aspects in this section, as they directly
determine the overall system performance.

The design process is described in greater detail in a companion
study [27], where the thermal aspects and methodology are further
elaborated, and additional factors such as construction costs and hy-
draulic resistance are also considered.

Initial dimensioning: analytical approach

The maximum thermal capacity of the storage unit, Epqx , is given
by the combined thermal capacity of concrete, steel, and confined water.
Since the mass of the concrete matrix is significantly larger than that of
the steel and water, the storage capacity is primarily governed by the
concrete mass and the operational temperature range. Thus, it can be
approximated as:

Ema.x ~ mc (Tmax - Tmin)

where m and c are the concrete mass and specific heat, respectively, and
Tmax and Tpn, are the maximum and minimum storage temperatures.
Consistent with the operating conditions defined in Section 2.1, these
values are taken as the nominal collector field outlet temperature (T,c)
and the nominal process-side cooling coil outlet temperature (Tog),
respectively.

As these temperatures are constrained by the system operating
conditions (Section 2.1), the required concrete mass is determined by
the target storage capacity. A 3-hour storage duration at nominal power
(10 kW, consistent with the solar field) corresponds to 30 kWh, which,
for Tmin = 135°C and Tgqx =160°C, yields a minimum concrete volume
of approximately 2 m3.>

Since the TES operates under transient conditions, conventional
steady-state formulations for recuperative heat exchangers are not

3 Note that TES capacity is slightly larger than estimated as heat is also stored
in the confined water and steel pipes.
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directly applicable. Nevertheless, an initial sizing is performed using a
simplified recuperative heat exchanger model with several assumptions.
Accordingly, a two-step design methodology is adopted: first, a pre-
liminary design is obtained using the simplified model; second, this
design is refined through numerical simulations of heat transfer within
the TES, leading to the final configuration.

The analytical approach assumes that, although both fluid and solid
temperatures vary with time, their axial profiles evolve while main-
taining a nearly constant mean temperature difference ATpeqr. Under
this assumption, the mean heat transfer rate is given by:

Qst = (UA)S[ATmeaH

Where (UA)y is the product of the overall heat transfer coefficient
and the heat transfer area. The estimation of U includes the internal
convective heat transfer coefficient, conductive resistance of the pipe
walls, and an equivalent resistance of the thermally affected concrete,
modeled as steady-state radial conduction.

To evaluate alternative configurations, mean temperature differ-
ences of 3°C to 10°C (i.e., 12-40% of the total temperature span) were
assumed. For a design heat transfer rate of 10 kW, this results in (UA)s
values between 1000 and 3300 W/K. Assuming an internal convective
coefficient of 2000 W/m?K and a concrete thermal conductivity of 2 W/
mK, the resulting overall heat transfer coefficient ranges between 180
and 320 W/m?K. Consequently, the required heat transfer area (pipe
surface) is estimated to be between 3 and 19 m? depending on the
assumed ATpmean.

Based on these results, a reference heat transfer area of 12 m? is
selected as the starting point for the detailed design. Exploring pipe
diameters (1/8" to 3/4") and fluid velocity ranges yields configurations
with 1 to 6 tubes and total pipe lengths ranging from 150 to 350 m. The
final geometry is determined based on numerical modeling results,
including pressure drop and assembly cost considerations.

Fine-tuned dimensioning and performance evaluation: numerical modeling

The detailed thermal design of the storage unit is based on evaluating
the performance of different configurations by varying the number,
length, thickness, and diameter of the pipes. The numerical model is
implemented in OpenFOAM [41] using the chtMultiRegionFoam solver,
solving the heat equation in both solid and fluid regions. Simulations are
performed under a constant flow rate of 6.36 L/min, with an inlet
temperature of 160°C during a 3-hour charging period, and a uniform
initial temperature of 135°C.

To reduce computational cost, the fluid domain inside the pipes is
discretized only along the axial direction, assuming cylindrical sym-
metry, while the solid concrete domain is fully discretized in three di-
mensions. The mesh configuration and domain regions (water, steel
pipe, and concrete) are illustrated in the cross-section shown in Fig. 5.

To assess thermal stratification, total stored energy, and charging
rates, the numerical results are analyzed in terms of temperature dis-
tribution and state of charge (SOC). The temperature field during the
charging stage is characterized using the dimensionless temperature
difference, 6%, defined as:

0" = (T~ Tii) / (Trax — Tini) 3

where Tjy; is the initial temperature. The SOC of the thermal battery is
evaluated using:

SOC = E/Epax @
with
E=) / £:Cpi(T = Trin)dV 5)

Vi

where both the current stored energy, E, and the maximum storage
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Fig. 4. Left: fabricated manifold for the first collector prototype. Right: First collector prototype mounted in the BECS.
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Fig. 5. CFD mesh cut of the simplified storage module geometry (green: fluid;
gray: steel pipe; red: concrete).

capacity, Enay, include contributions from the concrete, steel, and water
regions (index i indicating different regions). Thermal properties for
each material are: p = 2.50 kg/1 and C, = 0.80 kJ/kg°C for concrete
[25]; p = 0.94 kg/1 and C, = 4.18 kJ/kg°C for water-glycol mixture [42];
and p = 7.85 kg/1 and C, = 0.49 kJ/kg°C for steel [32]. Eq. (5) also
provides the exact value of Ej;qy, by substituting Tp,q in place of T.

In order to evaluate the mean temperature difference between fluid
and concrete, ATyeq, is determined by integrating T within concrete and
fluid volumes:

1 1 o
ATpen =— |TdV —— [TdV =T, - T
Vf/ v Vc/ V=TT ©

v ve

where f and c indicate fluid and concrete domains, respectively.

Concrete composition determination

The objective was to develop a concrete mix with a target thermal
conductivity of approximately 2 W/m-K, using locally available mate-
rials while ensuring durability under thermal cycling and adequate
resistance to fatigue and thermally induced cracking.

According to the literature, the thermal conductivity of concrete
depends on the conductivity of the mortar and aggregates, the metallic
fiber content (provided good interfacial bonding), and the moisture
content, while it decreases with increasing temperature and porosity. In
general, conductivity is largely governed by the aggregates: siliceous
materials exhibit higher conductivity than calcareous ones, and since
sand contains a significant fraction of quartz, an appropriate proportion
of fines enhances thermal performance. Accordingly, granite aggregates
with high silica content were selected to meet the target conductivity
[43-45].

Previous studies indicate that, with good fiber-matrix adhesion,

thermal conductivity is expected to increase approximately linearly with
fiber content, as fibers act as thermal bridges. Hooked fibers are
particularly suitable due to their improved bonding, while high
compaction is required to achieve the desired performance [45-47].

Additional factors such as temperature, porosity, and moisture must
also be considered. Thermal conductivity decreases with temperature;
for instance, [45] proposed the empirical relation k=2.5—0.0034T,
which suggests a reduction of approximately 20% at T ~ 150 °C.
Porosity reduces conductivity, and excessive fiber content may hinder
compaction. Therefore, achieving high compaction while maintaining a
low water-to-cement ratio is critical, while increased moisture content
generally enhances conductivity [43,47]. Moreover, if the base concrete
exhibits low conductivity, the addition of fibers yields limited
improvement; thus, the base mix must provide adequate performance.

Based on these considerations, an optimized mix design was defined,
and the fiber content was varied between 0 and 250 kg/m? to assess its
effect on thermal conductivity. The final formulation (Table 2) corre-
sponds to a self-compacting concrete per cubic meter. A superplasticizer
was incorporated to achieve high compaction and facilitate placement
without the need for vibration.

Thermal conductivity evaluation

Accurate determination of thermal conductivity is essential for pre-
dicting the thermal behavior of the TES unit. It is measured according to
ASTM D5334-14 [48]. This method is suitable for semi-infinite media,
where the heat generated by the probe is fully absorbed by the sur-
rounding material during the measurement.

Cylindrical specimens (10 cm radius and 20 cm length) with metallic
fiber contents ranging from 0 to 250 kg/m? are tested. To accommodate
the needle probe, axial holes (6 mm diameter and 7 cm length) are
incorporated into the specimens during fabrication, accessible from both
end faces. Measurements are conducted at room temperature using a
TEMPOS RK-3 needle probe, suitable for thermal conductivity values in
the range of 0.1 — 6.0 W/m-K [49]. Since thermal conductivity mea-
surements exhibited limited repeatability, the reported values should be
regarded as preliminary and further characterization of the thermal
properties is planned as future work. To assess the implications of this
uncertainty for the storage design, a sensitivity analysis is also per-
formed over a representative range of conductivity values.

Results

This section presents the main results of the experimental and nu-
merical analyses of the solar collector and thermal energy storage (TES)
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Table 2

Concrete mix design for 1 m3.
Item Portland cement CPN 40 Fine sand Coarse sand Gravel 5-15 Superplasticizer Water
Quantity (kg) 467.3 164.5 698.1 908.4 3.8 186.9

system described in Section 2, including comparison with model pre-
dictions to validate the proposed approaches and identify the dominant
mechanisms governing system performance. The results are also used to
refine component design.

Subsection 3.1 presents the performance assessment of the collector
prototype, including optical characterization, ray-tracing simulations,
thermal model calibration, sensitivity analysis, and experimental vali-
dation at BECS. Subsection 3.2 presents the TES design and analysis
results, including thermal conductivity measurements and numerical
performance evaluation leading to the final design.

Performance assessment of the solar collector

Optical design results: reflector materials and ray tracing

The results of the optical characterization of the reflector materials
are summarized in Table 3. High-reflectance aluminum (HRAB) exhibits
the highest total and specular reflectance, followed by commercial
polished aluminum (CPA). The aged aluminum (ACPA) shows the third
highest total reflectance but the lowest specular component, while
commercial polished stainless steel (CPSS) presents the lowest total
reflectance but higher specular reflectance than ACPA. These results
highlight the significant impact of aging on polished aluminum surfaces,
particularly through a reduction in specular reflectance and a corre-
sponding increase in diffuse reflectance. The implications of these
properties on collector performance are further analyzed through ray-
tracing simulations (Table 3).

Ray-tracing simulations performed in Tonatiuh using 108 rays indi-
cate that optical efficiency at normal incidence is less sensitive to dif-
ferences in total reflectance than initially expected. This behavior is
consistent with the collector geometry, as a significant fraction of the
incident radiation reaches the absorber directly without interacting with
the reflector. Consequently, the effect of reduced reflectance is partially
mitigated. A comparison between CPSS and ACPA results further in-
dicates that both specular and diffuse reflectance contribute to overall
performance. This is likely due to the short distance between the
reflector and absorber surfaces, which increases the probability of
diffuse reflections reaching the absorber.

For non-normal incidence conditions, ray-tracing results show that
the incidence angle modifier (IAM) in the transverse direction (07)

Table 3
Total, specular and diffuse reflectance of the materials analyzed and optical
performance at normal incidence.

Reflectance High- Commercial Aged Commercial
reflectance polished commercial polished
aluminum- aluminum polished stainless steel
based (CPA) aluminum (CPSS)
(HRAB) (ACPA)

Specular 83 % 70 % 40 % 47.5 %

Diffuse 7 % 15 % 35 % 15.5 %

Total 90 % 85 % 75 % 63 %

Optical 60.7 % - 54.2 % 49.8 %

efficiency
results
(Tonatiuh)
at normal
incidence

Surplus 34.2% - 27.7 % 23.3%

efficiency
due to
reflector
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increases within the range of 10° to approximately 70°, reaching values
of about 1.2-1.3 at 50°, with some dependence on the reflector material.
These values are consistent with those obtained experimentally at the
BECS facility (for the CPSS configuration), as discussed in a later section.

The optical efficiency of the vacuum tubes without a reflector was
also evaluated, yielding a value of 26.5%. The additional contribution of
the reflector (“surplus efficiency™) is defined as the difference between
the total optical efficiency and this baseline value.

Overall, the results indicate that aluminum-based reflectors achieve
higher optical efficiencies, even with some degree of aging. However,
stainless steel remains an attractive option due to its superior durability,
lower cost, and higher local availability. A preliminary cost survey in-
dicates that CPSS is approximately half the cost of CPA and more than
four times less expensive than HRAB. Nevertheless, a detailed cost-be-
nefit analysis is required to determine the optimal material choice,
together with further experimental assessment of long-term aging
effects.

The peak efficiency (no) of the CPC with a stainless steel reflector at
ambient conditions is therefore expected to be lower than the initially
targeted value of 55%. This is because ngp (approximately 50%, ac-
cording to ray-tracing simulations) depends not only on optical effi-
ciency but also on thermal losses, since the absorber temperature
remains above ambient even when the fluid temperature equals the
ambient temperature.

Additional discrepancies between the expected and measured optical
efficiencies are due to the reflector geometry. Analysis of a reference
CPC collector [30] shows that, despite having a concentration ratio
below unity, its geometry resembles a single parabola rather than a true
involute. This configuration is expected to yield higher efficiency at
normal incidence but lower at off-normal angles (with IAM values close
to or below unity). Consistent trends are observed in ray-tracing ana-
lyses of parabola-involute geometries with varying acceptance angles,
where lower acceptance angles increase normal-incidence efficiency at
the expense of off-normal performance.

Overall, these results indicate that assessing the annual energy yield,
accounting for CPC geometry, reflector material, and local solar condi-
tions, is required to determine the optimal design.

Calibration of the thermal model and sensitivity analysis of thermal per-
formance. To calibrate the thermal model described in Section 2.2, a
modified commercial CPC collector—obtained by replacing the original
aluminum reflectors with stainless steel ones of identical geometry
[30]—was experimentally tested at the BECS facility [28]. The main
fitting parameters were the global heat transfer coefficient at the contact
interface between the evaporator wall and the internal aluminum fin,
and the absorber emissivity. The calibrated values were 700 W/m?K for
the heat transfer coefficient and 0.075 for the emissivity. A detailed
description of the calibration procedure is provided in another work
[26]. These parameters are subsequently used to predict the thermal
behavior of the proposed collector design with a concentration ratio
close to unity.

Using the calibrated model, a sensitivity analysis was conducted on
key design parameters of the first CPC prototype (CR = 1, involute
reflector), including flow rate, condenser-socket thermal contact, and
fin configuration (i.e., number and thickness of internal aluminum fins
within the heat pipe). The results indicate that degradation in fin quality
(from the reference to the lowest-performance configuration) and
thermal contact (from a reference paste conductivity of 1 to 0.075 W/
m-K, with a 0.05 mm clearance) have comparable and significant effects,
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increasing global thermal resistance and reducing efficiency by about
4% (~10% lower thermal output) in each case. In contrast, flow rate
variations have a minor impact in the proposed design. In extreme
conditions, such as a 0.25 mm air gap at the interface, performance
degradation becomes much more severe, with a marked increase in
absorber temperature that may lead the heat pipe to approach its dry-out
limit.

As thermal contact depends on proper paste application and its long-
term stability, this aspect requires particular attention. In cases of sig-
nificant degradation, alternative solutions such as mechanical clamping
or U-tube configurations may need to be considered.

Based on the calibrated model, Fig. 6 shows the expected collector
efficiency under different scenarios. At normal incidence and 20°C
ambient temperature, the field efficiency is ~35% at 145°C, slightly
below the initial 38% estimate, although improved performance at off-
normal incidence is expected relative to the reference CPC. The left
panel illustrates system sensitivity: the gray curve simulates a reduction
in optical efficiency under nominal thermal behavior, while the orange
curve depicts a decline in thermal performance under nominal optical
efficiency.

The right panel compares different reflector materials, showing that
reflectors with higher reflectivity enhance overall performance,
although their adoption requires further techno-economic assessment,
which is left to future work. Here, dashed lines represent the optical
efficiency, which increases with material quality, and their divergence
from the solid curves quantifies thermal losses. Notably, thermal losses
occur even when the fluid matches the ambient temperature (20°C)
because the absorber operates at a higher temperature, dissipating heat
to the environment.

First-scale prototype testing and comparison with model results. The results
presented in this section correspond to the experimental evaluation of
the first assembled CPC prototype (Section 2.2, Fig. 4) at the BECS fa-
cility. Tests were conducted for operating temperatures up to 100°C at a
flow rate of 5.5 L/min. The resulting performance parameters and
associated uncertainties, determined according to Eq. (1) and referenced
to the aperture area, are summarized in Table 4 and presented in Fig. 7.
The incidence angle modifier (IAM) values reported in Table 4 corre-
spond to the longitudinal (KbL) and transverse (KbT) directions.

Fig. 7 compares the simulated efficiency curve for the CPSS reflector
(blue) with the experimental results (black), using Eq. (2) under stan-
dard simplifying assumptions (clear-sky conditions, normal incidence,
steady state). The solid line corresponds to measured data, while the
dashed line represents extrapolation up to 160°C*. A discrepancy of
approximately 15 percentage points is observed at Ty = 20°C.

Despite this gap, the experimental curve exhibits a low slope and
negligible curvature, indicating that the global heat loss coefficient re-
mains within the expected range. The analysis therefore focuses on
identifying the dominant loss mechanisms through combined optical
and thermal modeling.

Potential causes include optical losses due to reflector misalignment
or deformation, and increased thermal resistance associated with larger
clearances at the condenser—socket interface.

Fig. 6 (right) presents additional efficiency curves illustrating the
impact of these effects. A reduction in optical efficiency from 49.8% to
42%, representative of the combined effects of multiple optical degra-
dation mechanisms, and a deterioration of thermal contact —modeled as
an increase in the clearance gap from 0.05 mm to 0.25 mm together with
a reduction in the effective thermal conductivity of the interface mate-
rial from 1.0 to 0.2 W/m-K— both result in noticeable performance
degradation. However, neither effect alone is sufficient to fully explain

4 As mentioned in section 2.2 (Experimental test methods), acceptable un-
certainty is expected in the extrapolation until ~130°C, while higher uncer-
tainty is expected beyond that fluid temperature.
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the observed discrepancy.

The reduced optical efficiency of 42% was estimated through ray-
tracing simulations using Tonatiuh, considering the cumulative effect
of several possible optical losses. Starting from the baseline optical ef-
ficiency of 49.8% under ideal alignment and normal incidence, a 10 mm
lateral misalignment reduces the efficiency to 44.9%, while a 10 mm
downward displacement lowers it to 45.6%. In addition, dust accumu-
lation was estimated to decrease the efficiency to 47.0%, assuming a
reduction in reflector reflectivity from 63% to 60% and glass trans-
missivity from 89% to 86%, corresponding to values reported in the
literature [50].

The thermal resistance of the vacuum and manifold insulation ap-
pears to remain within the expected range, suggesting that the dominant
losses are associated with the optical path rather than with heat dissi-
pation to the environment. Additional factors may include contamina-
tion of reflective surfaces or absorber tubes during assembly or
transport, as well as possible differences between the heat pipes used in
the reference collector (for model calibration) and those in the proto-
type. Although supplied by the same vendor, variations in optical or
thermal properties cannot be excluded.

The transverse incidence angle modifier, Kp1(0), also exhibited an
increasing trend, consistent with ray-tracing predictions, highlighting
the importance of accounting for off-normal incidence in performance
evaluation.

Given the significant gap between the expected (~48%) and
measured (33.5%) no,nem, @ Second prototype is under construction to
further investigate these discrepancies. Future work will focus on tar-
geted diagnostics and design improvements addressing the identified
optical and thermal issues. The combined use of numerical modeling and
experimental validation remains essential for optimizing the collector
design and progressing toward industrial application at the target steam
pressure.

Collector design analysis and improvement pathways

Overall, the combined optical characterization, numerical modeling,
and experimental testing provide a consistent understanding of the
collector performance and its main limitations. While aluminum-based
reflectors offer higher optical efficiency, stainless steel remains a
competitive alternative due to its durability, cost, and local availability.
The calibrated thermal model proves to be an effective tool for perfor-
mance prediction and for identifying critical design parameters,
particularly the thermal contact at the heat pipe-manifold interface.

Experimental results from the first prototype confirm the general
trends predicted by the model, including heat loss behavior and inci-
dence angle effects. However, the significant discrepancy in peak effi-
ciency highlights the strong sensitivity of the system to optical and
assembly-related factors.

These findings motivate a refinement of the manufacturing and as-
sembly processes. The geometric accuracy of the CPC profile will be
reviewed in future prototypes, supported by the development of a
dedicated in-situ reflector evaluation device. In parallel, improvements
in reflector fabrication and mounting procedures will be implemented.
On the thermal side, manufacturing tolerances in the manifold sockets
will be refined to minimize contact resistance. Experience gained during
the construction of the first prototype—particularly regarding welding
techniques to avoid deformation of the copper sockets—will be incor-
porated into subsequent designs to ensure consistent clearances and
improved thermal coupling between the heat pipe condensers and the
manifold. The condenser—socket interface is identified as a critical point
not only for performance but also for reliability and maintenance,
potentially motivating alternative design solutions such as mechanical
clamping or U-tube configurations.

Additional experimental work is underway to evaluate the perfor-
mance of evacuated tubes from different manufacturers without re-
flectors, enabling direct comparison of absorptance and thermal
efficiency independently of reflector contributions. Finally, a detailed
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Fig. 6. Efficiency curves for the proposed CPC collector. Left: the expected efficiency (per aperture area) is compared with possible problems that could lower it.

Right: expected efficiency for different reflector materials.

Table 4
Value and uncertainty of the parameters obtained from the first CPC prototype
test in BECS (referred to aperture area).

Parameter No,b Ky 1N0,hem a; (W/ az (W/
m?K) m?K?)
Value 0.335 0.997 0.335 0.434 0
Uncertainty 0.003 N.C 0.003 0.062 N.C
0/ 07 0 10 20 30 40 50 60
Ky, 1.00 1.00 1.00 1.00 1.00 1.00
Kpr 1.00 1.00 1.04 1.09 1.15 1.22 1.28
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Fig. 7. The simulated efficiency curve (in blue) is compared to the measure-
ments and their extrapolation (in black).

cost-benefit analysis of alternative reflector materials, particularly
aluminum-based solutions, and reflector shapes, is planned. This will
include annual energy yield assessments under representative meteo-
rological conditions to identify the optimal trade-off between perfor-
mance and cost.

Concrete mix properties and TES performance

Results from the thermal conductivity measurements and numerical
TES simulations described in Section 2.3 are presented here. Further
details can be found in [27].

Concrete thermal conductivity
A total of 89 thermal conductivity measurements at ambient tem-
perature were performed across all concrete samples, yielding an

12

average value of 2.23 W/m-K for the entire sample set. The highest
conductivity was observed in samples without metallic fibers, with kg =
2.65 + 0.09 W/m-K (19 measurements, standard deviation of 0.18 W/
m-K). The lowest values correspond to the 50 and 250 kg/m?® fiber
content groups, with ksp = 1.97 + 0.28 W/m-K (7 measurements,
standard deviation of 0.31 W/m-K) and k259 = 2.07 + 0.13 W/m-K (38
measurements, standard deviation of 0.40 W/m-K), respectively. Un-
certainties represent 95% confidence intervals assuming a Student’s t-
distribution. It should be noted that potential systematic errors may
affect the reliability of these results.

The measurement procedure proved challenging. Reliable measure-
ments require good thermal contact between the needle probe and the
hole wall, typically ensured by properly applying thermal paste. How-
ever, due to the geometry of the hole (6 mm diameter and closed-end),
complete air removal during probe insertion could not be guaranteed. In
addition, the measurements showed strong variability between consec-
utive tests, particularly when insufficient time was allowed for the probe
and specimen to return to thermal equilibrium. As a result, repeatability
issues were observed. Consequently, the reported thermal conductivity
values should be regarded as preliminary; further testing is required in
order to reduce measurement uncertainty.

Contrary to expectations, the addition of metallic fibers not only
failed to increase but appears to reduce thermal conductivity. This
behavior may be attributed to increased porosity associated with fiber
incorporation. However, given the aforementioned measurement limi-
tations and repeatability issues, no definitive conclusions can be drawn
from the conductivity data alone. Independent mass and volume mea-
surements indicate a negative correlation between fiber content and
density, supporting the porosity hypothesis.

Future work will focus on thermal conductivity measurements using
alternative methods, as well as on the determination of heat capacity.

Expected charging behavior and configuration

The preliminary design phase (Section 2.3) resulted in a set of TES
configurations with varying pipe length, diameter, and number, all
providing a total heat transfer area of 12 m?2 Based on numerical eval-
uation of thermal performance, as well as fabrication cost and pressure
drop considerations, a configuration consisting of two parallel 1/2" SCH
40 steel pipes with a total length of 179.4 m (89.7 m each) was initially
selected. Further analysis, considering available cost and pressure drop
margins, led to an increase in pipe length to 107.6 m per pipe (while
maintaining the same concrete mass), resulting in a total heat transfer
area of 14.4 m? embedded in a concrete volume of 2.73 m>.

The evolution of the dimensionless temperature distribution (deter-
mined with Eq. 3) during charging is illustrated in Fig. 8 at different time
intervals (10 min, 1 h, 2 h, and 3 h), showing the dimensionless tem-
perature of the pipe domain (steel) and the minimum of the concrete
domain. At early stages, significant radial and axial temperature
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Fig. 8. Storage unit temperature distribution during the charging stage at 10 min, 1 h, 2 h and 3 h, based on simulation results.

gradients are observed. As charging progresses, radial gradients
decrease rapidly, while axial stratification persists, supporting the initial
assumption of approximately uniform temperature differences over
large sections of the exchanger. This behavior confirms the development
of thermal stratification, with clearly distinguishable “hot” and “cold”
regions within the device.

The simulated temperature distributions are also used to evaluate the
preliminary (analytic) design approach, which assumes a constant in-
tegrated temperature difference, ATpeqn - This parameter is calculated
(with Eq. 6) at 10-minute intervals over the 3-hour charging period,
yielding an average value of 3.71°C, ranging from 2.65 °C at the end of
the charging period to 4.40 °C near the beginning. Although ATpeqn is
not strictly constant, the largest deviations occur at the beginning and
end of the charging process, with a sudden rise from 0 to 4.40 °C fol-
lowed by a slow decay to 2.65 °C, supporting the validity of the
simplifying assumption of a nearly constant ATeq, during most of the
charging period for the initial analytical dimensioning.

Fig. 9 (a) presents the heat charging rate (HR), defined as the time
derivative of E (Eq. 5), and the SOC, calculated using Eq. (4), as func-
tions of time. As expected, HR decreases over time due to the reduction
in the average temperature difference, dropping from the design value of
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10 kW to approximately 6 kW after 3 hours of operation (with a mean
value of 8.37 kW), reaching a final SOC of 66.6%. This decay highlights
the need for appropriate operational strategies to maintain performance
during the final stages of charging, as it is directly related to outlet
temperature; high outlet temperature may lead to fluid evaporation
inside the solar collector manifolds. Operational strategies could include
flow rate regulation or alternative heat management approaches.

Since the experimental determination of thermal conductivity was
affected by methodological limitations and remains preliminary, a
sensitivity analysis was performed to assess the impact of this parameter
on TES performance. The same storage configuration was simulated
using thermal conductivity values ranging from 1.5 to 2.5 W/m-K, and
the resulting effects on state of charge (SOC) evolution and mean heat
rate (HR) are also shown in Fig. 9 (b).

Increasing the thermal conductivity from the baseline value of 2.0
W/m:-K to 2.5 W/m-K increases the mean heat rate and final SOC by
approximately 2.7% (from 8.37 to 8.59 kW and from 66.6% to 68.3%,
respectively). Conversely, reducing the conductivity to 1.5 W/m-K de-
creases these values by approximately 4% (8.03 kW and 64.0%,
respectively). These relatively small variations indicate that, within the
range considered, TES performance is only moderately sensitive to
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Fig. 9. (a) Thermal battery SOC and heat transfer rate over time during the charging stage (with k = 2.0 W/m K), (b) thermal conductivity sensitivity.
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thermal conductivity. Therefore, the uncertainty associated with the
current conductivity measurements is not expected to significantly
affect the main conclusions regarding charging and discharging
behavior.

It should be emphasized that these results correspond to a single
charging process starting from a uniform “cold” initial condition (fully
discharged). Further analysis should consider variable fluid flow rates
and inlet temperatures, as well as multiple charge-discharge cycles
under different weather conditions and heat demand profiles. In addi-
tion, future experimental campaigns will enable validation of the nu-
merical model and assessment of the prototype performance. Overall,
these results should be regarded as preliminary, as model validation and
a more robust determination of the thermal properties remain as future
work.

To implement the proposed design within a compact footprint, a
zigzag tube arrangement is adopted, as schematized in Fig. 10. The TES
unit is divided into five equal slabs separated by 50 mm thermal insu-
lation layers to preserve axial stratification by limiting thermal inter-
action between consecutive tube passes. The entire unit is enclosed
within 300 mm of external insulation, designed to maintain the storage
temperature above 135°C for approximately one week starting from a
fully charged state under winter conditions.

Overall, the numerical and experimental results provide a consistent
basis for the selected TES design, although further validation under
cyclic operation is still required.

The analysis of thermal stresses in the TES concrete matrix and tubes
remains future work. Once the prototype has been constructed, the ef-
fects of TES thermal cycling will be evaluated. Based on operational data
and potential material testing, system control strategies may be
adjusted, and design modifications may be proposed to facilitate
maintenance and mitigate the adverse effects associated with thermal
cycling.

Conclusions and outlook

This work presented the design and preliminary assessment of a Solar
Heat for Industrial Processes (SHIP) pilot system in Uruguay, designed to
operate at temperatures above 100°C. The proposed system integrates
Compound Parabolic Collector (CPC) technology with a concrete-based
thermal energy storage (TES) unit within a closed-loop pressurized fluid
circuit designed to emulate industrial steam demand. Both the CPC field
and the TES unit were developed through a joint industry-academia
engineering effort. The resulting system configuration, component
sizing, and operating strategies constitute a consistent framework for
coupling solar heat generation and storage while prioritizing local
manufacturability, operational simplicity, and compliance with safety
constraints.

The design methodology, simplified

combining analytical

Outlet (towards
next module section)

Water inlet

Fig. 10. Thermal battery exchanger design, composed of 5 sections separated
by thermal insulating material.
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approaches, numerical simulations, and experimental characterization,
proved useful for component sizing and for identifying critical design
parameters at an early stage. A key contribution of the work is the
integration of these methodologies within a unified design framework
aimed at representative industrial heat supply conditions. This approach
facilitates the identification of dominant physical mechanisms and
supports the transition from component-level studies toward pilot-scale
system development.

Experimental characterization of the 3.9 m? CPC prototype yielded a
peak optical efficiency of 33.5% (1, hem), below the expected 48-50%.
However, the low slope of the efficiency curve indicates that thermal
losses remain within the expected range, suggesting that optical and
manufacturing factors—particularly reflector geometry and manifold
assembly tolerances—constitute the main performance limitations. The
identification of these sensitivities helps define quality requirements for
future local manufacturing and highlights the value of local experi-
mental infrastructure for collector development and validation.
Although the characterization of the first collector prototype identified
the main performance limitations and provides guidance for the next
design iteration, its measured efficiency does not yet allow conclusions
regarding the technical or economic viability of a full-scale installation.
Such an assessment will require improved collector prototypes, experi-
mental validation of the complete integrated system, and a dedicated
techno-economic analysis.

For thermal storage, preliminary measurements yielded thermal
conductivity values up to 2.65 W/m-K for selected concrete formula-
tions. The observed reduction with increasing fiber content is likely
associated with increased porosity, although additional testing is
required to confirm this trend and to assess performance at elevated
temperatures. Preliminary numerical results indicate that the selected
TES geometry is capable of supporting thermal stratification and effec-
tive charge/discharge operation. Nevertheless, these findings remain
preliminary, as construction, experimental testing, and model validation
of the complete TES unit are still pending.

The present results support the conceptual design and preliminary
assessment of the proposed SHIP system. Nevertheless, experimental
validation of the fully integrated pilot plant remains necessary before
conclusions can be drawn regarding its overall technical performance.
The project is currently transitioning toward integrated pilot-scale
operation. A second collector prototype is under construction to
address identified optical and thermal contact limitations, and the full
24 m?, ~10 kW collector field and TES unit is expected to become
operational shortly, enabling system-level evaluation.

Future work will therefore include experimental validation of the
integrated system, refinement of numerical models, and assessment of
alternative design solutions to improve performance, reliability, and
maintainability.

In addition, although cost considerations have influenced several
design decisions throughout the project—including technology selec-
tion, material choices, and manufacturability criteria—a dedicated
techno-economic assessment has not yet been performed. Consequently,
the economic viability of the proposed solution, including its proximity
to target collector costs and its competitiveness under representative
operating conditions, cannot yet be established. A comprehensive
techno-economic analysis and scalability assessment based on experi-
mental data from the pilot plant will therefore constitute another major
focus of future work once integrated system operation has been
completed.
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