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Abstract: Technologies that can contribute to the reduction of greenhouse gases are mandatory, and
those based on solar energy are good candidates to achieve this. In this sense, massive solar thermal
collectors are suitable technologies for supplying the primary energy demand of buildings. To design
these devices, it is necessary to fully understand the physics of the problem before proposing any new
optimized solution. This review aims to briefly summarize significant aspects regarding the current
state of development of these solar technologies. Attention is paid to works devoted to experimental
studies to analyze the behavior of these systems, as well as numerical models to predict the physics
of the problem. Furthermore, the future directions and prospects in the field of massive collectors
are briefly described. The main novelty of this review is to provide a comprehensive overview that
summarizes the works done so far in the field over the past 30 years, which allows the reader to delve
deeper into the topic. According to the reviewed works, it can be concluded that these technologies
can contribute to the reduction of greenhouse gases while at the same time being excellent examples
of the integration of solar energy devices with buildings.

Keywords: massive solar thermal collector; solar energy; thermal energy storage; heat exchange;
concrete; asphalt

1. Introduction

Buildings energetically more efficient have become a challenge for researchers and
engineers, and the efficient design of them is driven by the urgent need to reduce the
emissions of greenhouse gases [1]. It is well known that the building stock consumes more
than 30% of the world’s total energy and emits nearly 40% of the total CO2 (direct and
indirect). This makes buildings the largest energy consumers in the European Union [2].
The search for technologies that can contribute to the reduction of these emissions is manda-
tory, and those based in solar energy are good candidates to achieve that. For instance,
they can supply the primary energy demand of buildings, and in this sense, solar collectors
technologies can be suitable for providing hot water in houses and for space heating [3].
In this direction, one of the most well-known solar technology is the so-called flat plate
collectors [4], but with the disadvantage of high investment costs that limit the market’s ex-
pansion of solar-based systems [5]. To circumvent this, there are two suitable paths, the use
of alternative materials in order to produce low-cost solar devices, and the integration of
solar systems in the building envelope [6]. In this sense, the last strategy is reflected in
the so-called massive solar thermal collectors (MSTCs), which are excellent examples of
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this integration. The main characteristic of these systems comes from the term “massive”,
which highlights the high heat capacity of the materials used for the fabrication of these
collectors. This feature allows the extraction of energy in periods of low (even null) solar
radiation, which is an important factor in energy sources with a non-constant supply.

An MSTC could be easily described as an arrangement of tubes embedded in a massive
matrix that is exposed to solar radiation and acts as an absorber material. Then, a working
fluid running inside those tubes extracts the collected heat, entering with a low temperature,
and leaving the device with a higher one. Depending on the fluid, it can be used directly
for hot water supply or as a thermal fluid for space heating. The most important parameter
of these devices is the absorber material, which should have high thermal conductivity to
rapidly conduct the stored heat to the tubes (and consequently to the water), and at the
same time, high heat capacity to store the highest possible amount of the incoming solar
radiation. One material that complies with these requirements is concrete, which, at the
same time, can guarantee low investment costs, a non-difficult maintenance, and, the most
important feature, it can be used as a structural element, a very attractive characteristic for
the integration of MSTCs in the building envelope [3,7]. These properties make concrete
the most chosen candidate material for these solar systems.

The high thermal inertia of these devices modifies completely their behavior in com-
parison with the typical flat plate collectors. In this sense, the design of an MSTC is not
always implicitly guaranteed, mainly because its performance is strongly related with the
way the daily thermal cycle of the energy source is exploited. Moreover, if the absorber ma-
terial is combined with Thermal Energy Storage (TES) systems, like Phase Change Materials
(PCMs) to improve its thermal storage capacity, the complexity of these PCM-enhanced
systems is increased and an optimized design of the effective properties of the absorber is
mandatory [8]. Moreover, weather variables, the emplacement location of the device, and
its topology influence the absorber properties, making it important to consider these pa-
rameters in an optimum manner. As it can be appreciated, there are many parameters that
must be considered in the design of an MSTC, which makes it necessary to fully understand
the physics of the problem before thinking of proposing any new design. In this sense,
the intention of this review is to briefly summarize significant aspects regarding the current
state of development of MSTC technologies. The main focus will be on the latest works
after the year 2012, since previous studies are well detailed in the review of D’Antoni and
Saro [3]. This time gap includes works studying the use of alternative absorber materials,
such as asphalts, ceramics, and new coatings, as well as the inclusion of latent-based TES
systems within the absorber matrix, or aluminum wire mesh and iron scraps to increase
the thermal conductivity of the systems. The gap also covers the latest models to simulate
MSTCs, from simple 2D models up to complete, fully 3D simulations, in which the heat
transfer problem over the absorber is coupled with the fluid flow inside the tubes. More-
over, a model that combines computational fluid dynamics with experimental data and
an artificial neural network is presented. The novelty of this review is that it provides a
detailed summary of the works done so far in the field of MSTCs over the last 30 years.
The current work is organized as follows: Section 2 presents all experimental works that
analyze the behavior of MSTCs; Section 3 is devoted to the numerical modeling to predict
the physics of the problem; Section 4 briefly describes future directions and prospects in the
field of massive collectors; and in Section 5 are highlighted the main outcomes that must be
taken into account for the study and design of MSTCs.

2. Experimental Methods

As it is stated in the introduction, MSTCs seem to be an appealing technology to
capture the heat energy from the sun. An interesting characteristic that differentiates
these devices from the typical flat solar collectors is that MSTCs have their own structural
integrity to withstand external loads, which makes these devices suitable for integration
with the building envelope. They can therefore be used in different applications with
different shapes and orientations, thus eliminating the need for supporting frames. MSTCs
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can be implemented as modular systems with reduced construction costs compared to
the costs required to construct traditional collectors and are also easy to use and main-
tain. The durability of metallic materials, which traditional solar collectors are generally
made of, is limited by the threat of corrosion. Concrete, instead, is inherently durable,
maintenance-free, and has good thermal storage qualities. For this reason, one of the most
important advantages of MSTCs made of concrete is their thermal capacity, which allows
them to store solar energy and simultaneously makes it possible to extract heat at those
times of the day when solar radiation is scarce. The durability of concrete is also another
important advantage, especially for building-integrated systems, where durability is an
essential requirement.

There are several criteria for distinguishing and classifying MSTCs, which are:

• Type of end application: heating, cooling, or production of domestic hot water (DHW).
• Use of collected heat: direct or indirect method. The first method occurs when solar

energy covers partially or entirely the energy demand to produce domestic hot water
and/or internal heating in buildings, or when the collected heat from the MSTC can
reduce the internal temperature of the building, thus covering part of the demand for
space cooling. The indirect method, on the other hand, occurs when the heat collected
by the MSTC is used as a source for a heat generation system, such as a heat pump.

• Degree of integration into the building envelope: MSTCs can be fully integrated into
the building (Figure 1a) or into the roof or façades; partially integrated (Figure 1b)
and detached from the building (Figure 1c). The latter type includes systems that
are completely detached from the building envelope such as, for example, horizontal
pavements like road surfaces and driveways, or vertical external walls or prefabricated
structures like garden perimeter walls and external garage structures. It is evident
that in MSTCs completely detached from the building there is no optimization con-
cerning orientation and inclination of the surfaces to better capture the solar radiation,
because they are structures or parts of structures that already have a main function.

Figure 1. Classification of MSTCs (represented by red rectangles) in terms of degree of integration into
the building envelope: (a) fully integrated; (b) partially integrated; (c) detached from the buildings.

MSTCs are simple devices to build and are easy to operate. This has motivated a
variety of experimental works to study the performance of these systems. In this sense,
the following paragraphs aim to describe the main experimental works in the literature.
In particular, attention is paid to the various studies carried out after the review by [3] as
already specified in Section 1.

Krishnavel et al. [9] made three different types of solar water heaters with concrete
absorbers that were tested in parallel, comparing the final performance of each. The three
prototypes were constructed using different materials. The first was made of concrete
with aluminum pipes incorporated, while the second had PVC pipes incorporated into



Energies 2023, 16, 5953 4 of 19

the concrete. To increase the thermal conductivity of the system, an aluminum wire
mesh and iron scraps were added to the concrete in both prototypes. The third specimen
involved concrete and PVC pipes. The experimental campaign was carried out during the
period March–May by analyzing different configurations for the position of the collectors:
horizontal, at an angle of 18° facing south and at an angle of 30° facing south. The impact
on the final performance of the devices on the presence or absence of a green cover was also
evaluated. The results showed that only marginal differences in terms of the maximum
temperatures reached by the water were recorded in the three prototypes when they were
positioned horizontally (65 °C for prototype 1 and 56 °C for prototype 3, both with a green
cover). The same results were also recorded for the other two inclinations of the analyzed
prototypes. In terms of efficiency, slab 1 at the horizontal position with cover had the
highest efficiency of 65%, while slab 3 at 30° inclination facing south and without cover had
the lowest efficiency of 30%.

O’Hegarty et al. [10] began investigating the potential of having massive systems in
building façades. The authors conducted studies on different building types considering
their geometry and functionality. Their preliminary numerical studies showed that there is
a linear correlation between solar collector area and hot water consumption. According
to the presented data, the proportionality factor can vary between 0.029 and 0.048 m2

per liters of water (per day). The integration of massive collectors in façades could be
a good solution when there is a high demand for hot water but a small roof area of the
building. The authors continued the study of this topic by explaining that studies in the
literature on non-integrated, roof-attached concrete solar collectors referred to experimental
analyses in high-temperature climates and numerical analyses using simplified 1D and 2D
models. Therefore, in [11], the authors reported the results obtained from an experimental
study on the performance of a concrete solar collector integrated into the building façade
for the Dublin location (mid-latitude European climate). In addition, the authors also
developed and validated a 3D numerical model of such a system that was used to predict
the performance of other building façade-integrated concrete solar collectors for other
European climates. In [11], three 0.6 × 0.6 m collectors were manufactured and connected
in series: the wooden formwork was made; the copper pipes were first cut and then welded
together with the elbows to obtain the final coil; and the heat exchange system was then
placed in the formwork and the concrete mixed and inserted into the formwork. To increase
the final absorbance of the system, the 3 collectors were painted black and then placed
vertically and insulated to simulate a façade installation. The results of the experimental
analysis carried out using the 3 massive collectors in series facing south in the Dublin
location with a 65 L storage tank showed that the system can provide approximately one-
quarter of the annual hot water energy demand of a single occupant dwelling. The results
also show that a fair amount of thermal energy can be harvested even in the winter months
in contrast to that which can be extracted in horizontally installed collectors.

In the work of Patil et al. [12] the authors, with the aim of reducing the final cost
of the solar collector, replaced the metal absorber plate with a concrete absorber plate.
The realized collector had dimensions of 2 × 1 m and was tested in different months of
the year (September to May) and with different fluid flow rates (20, 25, and 30 L/h). A
total of 7 kg of mild steel scrap powder with a diameter of less than 3 mm was added
to the concrete mix design to prevent the formation of voids in the concrete slab. A wire
mesh was laid over the concrete casting and the copper coil was fixed on top so that half
of the coil was embedded in the concrete and the remaining half was exposed to the sun.
The wire mesh not only reinforces the concrete slab but also slightly increases the overall
thermal conductivity of the system. A layer of dark paint was applied to the surface of
the collector. The solar collector was closed with a 3 mm thick plate of glass, forming
an air gap of approximately 4 cm inside. During the tests, the collector was mounted on
a metal support at an angle of 19° due south. The results of the measurements showed
that the concrete collector is capable of supplying the necessary amount of hot water to
cover the demand for domestic activities. In detail, during the day, the water leaving the
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collector had a temperature between 47 and 57 °C in the rainy season, and between 48
and 59 °C in the winter season, while the temperature recorded in the summer season was
between 56 and 80 °C. Furthermore, the authors stated that the concrete collector can be
easily integrated into the roof of a south-facing sloping building or into a flat roof, further
reducing the installation costs for hot water supply. The reduced costs for the construction
of these types of collectors make these devices suitable for rural or remote areas where
there is not always a supply of electricity.

In the work of Guldentops et al. [13], the authors studied a pavement solar collector
(PSC) with the aim of developing a model of such a system and validating it with a self-
instructed experiment. The experimental setup for the validation of the model consisted
of a 119 mm thick slab of asphalt concrete, made of two types of asphalt to which copper
pipes were embedded. Above the bituminous layer, a grid of copper pipes with an external
diameter of 15 mm was placed. The distance between the surface of the plate and the top of
the tube was 51 mm. Sixteen thermocouples were placed on the surface and embedded in
the asphalt concrete slab in both directions and at different points to know the temperature
along the slab at different depths. Through a submersible thermocouple, the temperature
of the water leaving the collector was measured. The pavement collector was first left in
the sun for about 4 h and, after this time, water started to flow through the pipes. Once
the copper pipes were connected through a hose to the water mains, different flow rates
were set at preset time intervals starting from 1 L/min up to 4 L/min. The water inlet
temperature, measured four times at regular time intervals, varied between 22.1 and 24.1 °C.
The experimental results are in good agreement in terms of water outlet temperature and
pavement temperature with the developed model.

Sable [14] analyzed the performance of an inexpensive solar collector made of concrete.
A wooden frame acted as a container for the concrete composed of metal fibers and for the
copper coil, which was half encased in concrete. The addition of the 7 kg of steel fibers was
intended to increase the thermal conductivity of the concrete. The upper part of the collector
was enclosed by a glass plate. The copper pipes carrying the water had dimples to increase
the heat transfer and thus increase the overall efficiency of the collector. The experimental
campaign was carried out in different seasons and with different water flow rates in order
to evaluate the performance throughout the year. The average water temperature recorded
during the day was 59–69 °C depending on the test period. Furthermore, in order to assess
and quantify the actual effect of the dimples on the water temperature, two identical
concrete plate-collectors, one with a dimpled tubes and the other with smooth tubes, were
constructed and subsequently tested in parallel. The results showed that simple tube
concrete collectors were able to reach higher outlet temperatures of water than smooth tube
concrete collectors (up to 2.5 °C).

Patil et al. [15] studied the feasibility of using concrete as the main material for the
construction of a solar collector for hot water storage. The authors designed, fabricated,
and tested a 2 m2 concrete solar collector in Pune, India, covered by a glazed surface,
incorporating a copper coil. Tests were conducted in both winter and summer on the
concrete collector for different flow rates from 20 to 45 L/h. The results of the experimental
campaign showed that the average outlet water temperature was 58 °C, the average overall
efficiency of the concrete collector was found to be 34% and its optical efficiency 42.75%
while its overall heat loss coefficient was 11.2 W/m2K.

Al Hoqani et al. [16] realized a solar collector by replacing the traditional metal frame
with concrete reinforced with waste metal fibers. In detail, the selected fibers had a size
of 3 mm and were made of copper, mild steel, and aluminium and were added with a
volume fraction varying from 0.0011 to 0.0068. Initial tests showed that for the same volume
fraction ratio, the final concrete conductivity was much higher when copper fibers were
used. For this reason, the authors selected this combination to carry out the other studies.
In particular, the effects on the final performance of the massive collector were evaluated
with reference to the main design parameters of the collector, i.e., collector thickness, space
between the pipes, the mass flow rate of the water and the heat transfer coefficient in terms
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of collector efficiency factor (F′), diameter of the pipes (∅), and heat removal rate (FR).
In this sense, the following can be itemized:

• The thickness of the plate affects the performance of the collector. In fact, as the
thickness of the collector increases, the efficiency factor and heat removal rate in-
crease, around 47% and 39%, respectively, and tend to become constant with 0.04 m
plate thickness.

• As the space between the pipes increases, given constant pipe diameter, overall heat
transfer coefficient and fluid flow rate, the heat removal values decrease around 30%
and 55%, whatever the plate thickness.

• As the diameter of the tubes increases, the space between the tubes, the water flow rate
and the heat transfer coefficient being constant, the fin effectiveness of the collector
increases between 4% and 8.9% for all collector thicknesses analyzed. The effec-
tiveness of the collector increases with increasing pipe diameter as the transfer by
conduction decreases.

• Given constant pipe spacing and pipe diameter, as the water flow rate increases,
the heat reduction factor of the collector increases regardless of the collector thickness.

The results of the analysis showed that the performance obtained with the metal fiber
reinforced concrete (MFRC) is comparable to that obtained with a traditional solar collector
equipped with metal plates, providing hot water at a temperature of around 50–60 °C
with an average daily efficiency of 55–65% and, moreover, thanks to the high thermal lag,
the collector would be able to provide hot water even after sunset. The authors stated that
this type of collector, integrated in the roof, could offer a good passive solar water heating
system and could also be able to reduce the thermal load of the building’s cooling systems.

Zaim et al. [17] studied experimentally and numerically a pavement solar collector
with the main objective of the analysis being to evaluate the impact of the tube configu-
ration on the thermal dynamics and performance of the PSC. Considering the possible
tube configurations that can be incorporated into the collector, the authors analyzed a
series of unbalanced ladder shapes, balanced ladder shapes, and parallel configurations.
The prototype realized consisted of a wooden container measuring 3 × 0.4 m and 0.2 m in
height filled with 3 layers of compact asphalt mixture consisting of 60/70 bitumen, crushed
sand, and the minimum possible number of voids. Stainless steel pipes with an internal
diameter of 15.8 mm were embedded in series in the middle layer at a depth of 3 cm below
the pavement surface at regular intervals and with center-to-center spacing of 110 mm.
Expanded polystyrene pipes and glass fiber wool were used to insulate the connections
between the steel pipes and the tank in order to reduce heat dissipation. The experimental
campaign took place during the day from 9:30 to 16:30 during summer and winter periods,
and the water flow rate of 24 L/h was kept constant during the various tests. The results of
these tests were used to validate the numerical model: the experimental data sets were used
in the model in order to calculate the water outlet temperature. The latter was then com-
pared with the temperature actually obtained from the experimental test, demonstrating
the accuracy and robustness of the developed numerical model.

Masoumi et al. [18] studied numerically and experimentally an asphalt solar collector
(ASC). The prototype had a surface area of 1 m2 and inside the slab, three 2 m long
galvanized tubes were placed in parallel. After construction, the prototype was buried
to recreate ideal conditions in terms of heat transfer with the ground. The experimental
campaign was conducted from 9:00 to 17:00 during the months of November and August,
and four different water flow rates (0.25 L/min, 0.50 L/min, 0.75 L/min, and 1.50 L/min)
were analyzed on four consecutive test days. During the tests, the inlet water temperature
was a constant 17 °C in August and 9 °C in November. Regardless of the month of the test,
the outlet water temperature decreased as the flow rate increased: the maximum outlet
water temperature was 42 °C (flow rate equal to 0.25 L/min) and 22 °C (flow rate equal to
1.50 L/min) in August and 25 °C (flow rate equal to 0.25 L/min) and less than 15 °C (flow
rate equal to 1.50 L/min) in November. The experimental results showed slight fluctuations
caused by the experimental conditions and device uncertainties. The authors reported that
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the trends predicted by the model and the experimental values obtained from the tests are
in line, stating that the small deviations between the trends are due to the assumptions
made in the development of the model.

As the intention of this review is to briefly summarize the latest works in massive
solar collectors, in the Appendix A, the reader can find a complete table that gathers more
information regarding the technological and thermal characteristics of these thermal storage
systems (Table A1). In particular, the main parameters that play an important role in the
final efficiency of these systems are shown, such as the geometric characteristics of the
massive component, pipe characteristics (materials, diameters, and spacing), the fluid flow
rate, and the type of final application.

3. Numerical Modeling

The modeling of MSTC can be simplified by following the assumptions proposed in
the works of D’Antoni and Saro [3,5]. The first one is to consider that the temperature
distribution between the tubes is the same, this allows us to represent the collector as a
parallelepiped with a single tube and with a width that corresponds to the pitch between
tubes. The second assumption is that the temperature gradient in a perpendicular plane
to the fluid’s path is considered greater than in a longitudinal one, allowing the MSTC
to be divided in n sections in where the fluid’s temperature is assumed constant. If n
is increased, the accuracy of the model is consequently improved. The final aims of all
these simplifications is to convert a three-dimensional problem into a two-dimensional one,
which of course is less-expensive to solve. In this way, the temperature distribution T in the
2D domain Ω of Figure 2 representing the collector can be obtained by solving Equation (1)

ρceff
∂T

∂t
−∇(k∇T) = 0 ∀ x ∈ Ω, (1)

with ρceff as the so-called effective heat capacity [19], which can be temperature-dependent
in the presence of latent-based TES systems and can vary with the position vector x of the
domain Ω, t is the time, and k is the (effective) thermal conductivity tensor of the material,
which can also depend on the temperature T and vary throughout x. Equation (1) is subject
to the initial condition

T(x, t) = T0, (2)

and the following boundary conditions:

k∇T · n1 = Q̇e, (3)

k∇T · n2 = Q̇b, (4)

k∇T · n3 = Q̇w, (5)

k∇T · n4 = 0, (6)

with Q̇e being the heat flux exchanged with the environment, Q̇b the one exchanged with the
building, and Q̇w the one exchanged with the water. As said above, if the properties of the
collector depend on the temperature, the Equation (1) becomes non-linear. Moreover, this
non-linearity is stronger if the absorber material is combined with latent-based TES systems.
For instance, when PCMs are present, the high non-linearity is due to the peaks that appear
in the heat capacity when the phase change is developed. To model this behavior, the finite
element formulation proposed by Morgan et al. [20] is adopted by Peralta et al. [8], where a
robust solver is implemented to solve Equation (1). Another challenge for the modeling is
to consider the collector working for a whole year, which will, in particular, allow us to
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evaluate the device in periods of low radiation. In this sense, the boundary conditions of
Equation (3) change hour by hour following the typical meteorological year (TMY) of the
location where the MSTC is located, increasing the computational cost of the analysis.

Figure 2. Sketch of a MSTC (left) and its 2D simplified domain of analysis (right). The water enters
at the bottom (blue arrow), and leaves the collector at a higher temperature (red arrow).

Concerning the boundary condition of Equation (3), the heat flux exchanged with the
environment is composed by many contributions. The main component is the absorbed
short-wave radiation, which includes the direct and diffuse part. Another component is the
heat flux exchanged with the sky and the ground by means of long-wave radiation. Then,
there are two components of sensible and latent heat exchanged with the environment by
means of convection and condensation of water over the collector, respectively. The contri-
bution of evaporation to the exchanged latent heat can be neglected since its effect is not
considerable [21]. For further details of how to calculate all the components, the reader
should refer to the following works [5,8,11,13,17].

Regarding the heat flux exchanged with the building, in the case of detached configu-
rations of the MSTC, or just to simplify the modeling, it can be assumed to be null as done
by many authors [5,8,22]. For attached configurations, a convective boundary condition
between the back of the collector and the indoor can be imposed. The envelope can be the
collector itself or a sandwich structure composed by the collector, insulation and plaster,
among other things. An example of this analysis has shown that this configuration of the
collector could be useful to cool down a building during summer, while at the same time
can allow for the extraction of useful energy [11].

In regards to the heat flux exchanged with the water, it could be considered by simply
imposing a convection boundary condition between the wall of the tubes and the fluid [23],
by assuming an imposed heat flux that can be obtained by a simple energy balance between
the inlet and outlet temperatures of the fluid within the system [5], by considering the
uncoupled solutions of the fluid and the solid part of the domain [13], which allows to
transfer the information of the fluid’s velocity field into the boundary of the solid domain
representing the tubes, or by solving a fully couple problem in where the velocity field is
calculated in the fluid domain, and the temperature field in both the fluid and the solid
part of the collector [11].

As it is explained above, the modeling of an MSTC can be done in different ways,
from simple 2D models up to complete, fully 3D simulations, which of course improves
the accuracy at the expense of increasing the computational cost of solving these problems.
The latest works regarding the modeling of solar collectors and the main outcomes of
these works are summarized in the following paragraphs.

In the work of Sarachitti et al. [23] was proposed a mathematical model in which the
conservation equations of energy are used to predict the performance of a roof-integrated
solar concrete collector, i.e., no movement of the fluid is simulated. The model performed
well since there is reasonable agreement between measured and predicted data. This type
of attached collector showed a reduction in the heat gains into the building while, at the
same time, a production of hot water. Another key point of the work is that the payback
period for this system is only 2.54 years, an important characteristic for improving the
market’s penetration of this technology.
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D’Antoni and Saro [5] studied the energy potential of considering the use of exposed
concrete structures as devices to collect solar energy in European climates. A sensitivity
analysis was performed to understand the relation between the design parameters of the
solar collector and the energy output of the system. It was found that the diameter of
the tubes, the spacing between them, and the absorber thickness are the main design
parameters that influence the collector’s energy output.

A finite element model developed by Guldentops et al. [13] was implemented in
COMSOL Multiphysics to predict the behavior of a pavement solar collector. Particularly
in this work, the flow was assumed to be uncoupled from the thermal problem (a good
assumption in the presence of laminar flow). In this way, two different solvers were used,
one for solving the laminar flow in stationary case (the fluid within the tubes), and another
to solve the temperature field in the solid part of the collector (the pavement). Experimental
data was used to validate the model and good agreements were found regarding the
outlet temperatures of the fluid and pavement one. The main outcome of the work is
that the asphalt thermal conductivity, surface absorptivity, and pipe depth are the most
important parameters.

In the work of Tanzer and Schweigler [24] it was shown how industrial buildings
façades can be exploited as a source of heat for heat pump heating devices. Opaque parts
of the buildings were used as solar thermal collectors where the collected heat in summer is
stored to be used in the heating seasons. The performance of the system was evaluated by
using the modeling software TRNSYS 17. It was found that the main aspect for the correct
functioning of the system is the sizing of the solar collector and the storage system.

O’Hegarty et al. [22] proposed a 2D finite element model (experimentally validated) of
a solar collector, which is implemented in COMSOL Multiphysics. The 3D concrete collector
was simplified by a 2D section, which is based on the fact that the temperature gradient
in a perpendicular plane to the flow direction is significantly higher than in a parallel
one, as assumed by D’Antoni and Saro [3,5]. Individual parameters that characterize the
collector were evaluated to study their effect on the performance of the system. As a
result of the study, concrete conductivity, and solar absorptance were pointed out as two
important parameters that influence the performance of the device. A modification of these
properties can increase the efficiency by 10% and 33%, respectively. In this sense, thermal
conductivity can be increased by adding highly conductive materials, like metallic scrap
and wire mesh, which have been shown to improve the performance of the collector [9].

Following the previous work, O’Hegarty et al. [11] developed a complete 3D finite
element model in COMSOL Multiphysics to simulate a vertically installed concrete solar
collector. It was considered a heat transfer problem coupled with the internal fluid flow.
The model was also validated with experimentally measured data. The analyses showed
that solar absorptance, the flow rate of the water, the pipe length, and the collector surface
have an important influence on the performance of the system. It was also highlighted
that in the presence of a well-insulated back of the concrete absorber, the collector has a
negligible influence on the interior environment. This is an important point that allows us
to simplify the modeling of solar collectors in general by assuming detached configurations.

Prakash [25] simulated an insulated roof system with a solar water heater. The flow-
ing of the water inside the tubes was also calculated by computational fluid dynamics
simulations (CFD) in Fluent software. Additionally, the model was validated with experi-
mental results.

In the study of Zaim et al. [17], a CFD numerical model in ANSYS FLUENT was
implemented to study the performance of pipe configurations of pavement solar collectors.
The movement of the fluid inside the tubes and the heat exchange with the collector was
considered. The main outcome of the work is that the parallel configuration for the tubes
attains the best performance.

Masoumi et al. [18] analyzed the behavior of an asphalt solar collector by combining
CFD analysis, validation with experimental data, and an artificial neural network (ANN)
model. The whole system (collector, surrounding soil, and environment) was modeled by
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using a finite volume method implemented in ANSYS CFX. The domain of analysis is a
3D model and the problem was solved in transient regime. Regarding the ANN model, it
was used to perform a parametric study on all of the variables quantities together, with the
aim of reducing the computational cost of considering all possible combinations. It was
also found that improvements in the thermal conductivity and surface absorptivity of
the asphalt have a positive effect in the daily performance of the system. Changing these
properties can lead to an increase in the efficiency up to 6.4% and 12.2%, respectively.

Regarding the inclusion of latent-based TES systems in solar collectors, in the work of
Benkaddour et al. [26], a finite volume element model was implemented to evaluate the
effect of a paraffin wax PCM in different positions of a concrete-wall-integrated collector. It
was found that as the PCM is moved away from the absorber in the wall, the stored latent
heat in the paraffin wax becomes lower. In the work of Peralta et al. [8], an enthalpy-based
finite element model was proposed to model the high non-linearity of the system as a
consequence of the inclusion of PCMs within the absorber material of the collector. It was
found that the correct inclusion of these latent-based TES materials can improve the energy
performance of an MSTC. Improvements of 38.9% and 27.4% were possible in warm and
cold climates, respectively. Furthermore, this work has studied the performance of the
collector over a complete year and has considered the TYM of two different geographic
locations. Again, for further reading, Table A1 in Appendix A can be consulted.

4. Future Directions

As it is described in previous sections, the typical materials for solar collectors are con-
crete and asphalt. However, new research directions are devoted to finding new materials.
In this sense, ceramic solar collectors seem to be an attractive alternative. Generally, they are
made of typical ceramic raw materials, which include porcelain clay, quartz, and feldspar,
among others, that own a certain degree of whiteness. To create an opaque absorber,
a coating of V–Ti (vanadium-titanium) black ceramic is used, which allows us to obtain
a solar absorptance in the range of 0.93–0.97 [27,28]. The main characteristic of ceramic
solar collectors is their low cost, good thermostability, and long lifetime of the absorber
material, which can be estimated at 100 years [29], this being an important parameter for the
integration of these systems with the building. Another option for new materials is the use
of greener cementitious materials, which are made of alkaline cement and hybrid cements.
They can have better mechanical properties when they are exposed to high temperatures (in
comparison with Portland cement mortars), and principally, they have improved thermal
conductivity and specific heat [30,31], which nowadays allows us to use these materials as
TES systems for concentrated solar power plants, and therefore could be a good alternative
as absorber materials in MSTCs.

Regarding the improvement of the TES capacity of solar collectors, the use of PCMs
for latent heat storage is gaining attention. The majority of the works done so far are in flat
plate collectors, photo-voltaic solar collectors, and compound parabolic collectors; however,
the main conclusions of these works could be extrapolated to MSTCs. In that sense, it
was found that the outlet temperature of these systems can be enhanced if the contact
area between the PCM and the absorber material is maximized [32]. Also, the common
melting temperature of the used PCMs is around 52 °C, which is close to the discharging
temperature of solar collectors (60 °C [33]). However, as it was stated by Chopra et al. [34],
it is very important to study the economic viability of solar water heating systems with
PCMs as the initial cost of the solar collector increases. In this regard, they studied the
techno-economic benefits of solar collectors with and without PCMs, finding that systems
with TES capabilities have interesting potential to obtain hot water at a cheaper rate. They
compared both systems and concluded that those with PCMs have the lowest cost per liter
of hot water, and also reduce the payback period from 4.12 to 3.56 years.

Following these ideas of applying PCMs in solar collectors, it was found that a smart
inclusion of PCMs can improve the thermal energy performance of MSTCs [8], making this
an interesting subject that has to be further explored. At the moment, three techniques of
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PCM insertion are the most commonly used: micro-encapsulation, i.e., the insertion of the
phase change material inside capsules that, in turn, are embedded in the cement matrix;
in other cases, the phase change material forms a whole layer that is encapsulated in a
container and inserted where it is needed; or the phase change material is encapsulated
within the aggregates of the concrete.

About this last strategy of adding PCM, following [35], preliminary studies were
conducted by the authors on the possibility of including PCMs directly within the pores of
the aggregates that will later be used in the concrete mix design for the construction of the
MSTC. At this preliminary stage, various aspects were considered for the selection of raw
materials, including the final application, the maximum temperature that can be achieved
with that type of collector, the possibility of using materials with a low environmental
impact, and the final economic aspect of the prototype. Specifically, the recycled aggregate
High porosity Poroton® fired-clay block (PB) was studied, and two paraffin waxes, RT
44 HC and RT 62 HC by Rubitherm Technologies GmbH, were selected as phase change
materials, following the melting temperatures suitable for conventional solar collectors
reported in [32]. The recycled aggregate was selected in order to keep the final cost low and
to reuse materials that would otherwise cause further pollution through disposal processes.
Regarding the PCMs, these paraffin waxes were chosen since they guarantee high thermal
stability after numerous heating/cooling cycles. Moreover, these Rubitherm PCMs also
have high specific heat capacity. The bricks were first crushed to obtain smaller particle
sizes (Figure 3, left) and then, through mechanical sieving, the particle size distribution
within the considered groups (0–0.5 mm, 0.5–1 mm, 1–2 mm, 2–4 mm, and 4–8 mm) was
determined. In detail, mechanical sieving was carried out with an “AS 200 basic” vibrating
plate from the company Retsch with a sieving time of 90 s per fraction and a frequency of
80 hertz. Sieve inserts with the following hole widths were used to determine the grain size
curve: 16/8/4/2/1/0.5/0.25/0.125/0.063 mm (Figure 3, center). Once the Poroton® bricks
had been crushed (Figure 3, left), they were first weighed and then, for each piece, three
trays of 250 g each were prepared (statistical significance). The sample to be examined
was passed through the series of sieves arranged in a column with a diameter decreasing
from top to bottom, with the bottom closed by a lid to prevent the material from escaping
(Figure 3, right). Once the column has been mechanically shaken, it was disassembled and
the fraction of material retained by each individual sieve was weighed. This determines the
weight of material passing through each individual sieve and relates it to the total weight
of the sample. Figure 4 shows the particle size distribution curve of the analyzed sample
of Poroton® bricks with, on the x-axis, the sieve opening in mm and, on the y-axis, the
percentage by weight of the inert material passing through.

Figure 3. Experimental steps: (left) crushing aggregates; (center) cleaning sieves; (right) mechanical
agitation of the aggregates.
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Figure 4. Characteristic curve of the recycled aggregate High porosity Poroton®.

Using a helium pycnometer, the density of the aggregates was determined, while
the porosity of the aggregates was evaluated using the Mercury Intrusion Porosimetry
(MIP) method following the standard procedure described in [36,37]. Table 1 shows the
experimental results of the skeleton density for the six aggregate samples (three samples
2–4 mm and three samples 4–8 mm) together with the respective masses considered for
each specimen. The average value of skeleton density was 2.637 g/cm3, while the value
obtained for bulk density was 1.682 g/cm3. The results for the total porosity divided into
closed and open pores obtained using the Hg-Porosimeter are shown in Table 2.

Table 1. Skeleton density of the Poroton® brick together with the relative masses considered for
each sample.

Properties Sample Identification Number

Sample 1
(2–4 mm)

Sample 2
(2–4 mm)

Sample 3
(2–4 mm)

Sample 1
(4–8 mm)

Sample 2
(4–8 mm)

Sample 3
(4–8 mm)

Sample skeleton
density (g/cm3)

2.643 2.643 2.641 2.634 2.630 2.631

Sample mass (g) 0.839 0.637 1.247 1.008 1.128 1.101

Table 2. Total porosity of the Poroton® brick divided into closed and open pores.

Properties Sample Identification Number

Sample 1
(2–4 mm)

Sample 2
(2–4 mm)

Sample 3
(2–4 mm)

Sample 1
(4–8 mm)

Sample 2
(4–8 mm)

Sample 3
(4–8 mm)

Open porosity (Vol.-%) 34.33 34.30 34.29 35.59 35.02 -
Closed porosity (Vol.-%) 2.95 1.64 1.78 0.45 0.79 -
Total porosity (Vol.-%) 37.28 35.94 36.07 36.04 35.81 -

Before filling the pores, all PB aggregates were completely dried in an oven (following
the same methodology presented in [35]). Paraffin wax was introduced into the pores by
spraying: the PCM was previously heated to a temperature of about 20 °C above its melting
temperature and then, employing a spray gun, sprayed over the aggregates. For the PCM to
permeate completely and homogeneously into the open capillary pores, manual agitation of
the aggregates was applied. This procedure turned out to be very efficient and controllable
(as shown also in [35]). Figure 5 shows the steps involved in filling the aggregates’ pores
with the selected paraffin wax.
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Figure 5. Experimental steps for filling aggregate pores: (left) pre-heating of the aggregate sample
and paraffin wax in an electric oven; (center) weighing and spraying of paraffin respecting the
calculated quantities; (right) manual agitation of the aggregates.

Table 3 shows the preliminary results obtained from the tests performed with the
various instruments. In particular, the skeleton and bulk average density, the average
volume percentage of the open and closed porosity, and the capillary pores of the aggregates
are shown together with the required masses of paraffin wax as a function of the desired
filling ratio considering the density in the liquid state of the paraffin. Achieving a filling
ratio of 80% means that approximately close to 27% of the aggregates’ volume can contain
PCM, allowing an increment in the TES capacity of the material. In this way, it can be stated
that the use of recycled aggregates can contribute positively in two ways, by increasing the
TES capacity of the collector by using PCMs, and by reducing the negative environmental
impact of construction and demolition wastes.

Table 3. Poroton® brick properties average results of MIP together with the required masses of the
two paraffin waxes as a function of the desired filling degree. Quantities marked with * refer to the
data sheet provided by the manufacturer.

Properties Value

Skeleton density (g/cm3) 2.637
Bulk density (g/cm3) 1.682
Open porosity (Vol.-%) 34.706
Closed porosity (Vol.-%) 1.522
Total porosity (Vol.-%) 36.228
Capillarity pores (Vol.-%) 94.394

RT 44 HC RT 62 HC
Paraffin liquid density * (g/cm3) 0.70 0.84
Heat storage capacity * (kJ/kg) 250 230

Filling degree (Vol.-%) 65 80 65 80
Amount of Paraffin (M.-%) 8.86 10.91 10.64 13.09

5. Conclusions

The objective of this review is to summarize significant aspects regarding the current
state of development of massive solar thermal collector (MSTC) technologies, and the focus
is mainly on the latest works after 2012. The main novelty of this review is to also provide
a detailed summary of all the works completed so far in the field of MSTCs over the last
30 years, which are detailed in a simple table and can guide the searching of information
regarding these type of solar devices. After explaining the latest main works done so far,
the following can be itemized:
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• MSTCs are simple devices to build and are easy to operate. They can be implemented
as modular systems with reduced construction costs compared to the costs required
to construct traditional collectors and are also easy to maintain. For instance, these
reduced costs make these devices suitable for rural or remote areas where there is not
always a supply of electricity.

• The durability of metallic materials of traditional flat solar collectors is limited by the
threat of corrosion. Concrete, instead, is inherently durable, maintenance-free, and has
good thermal storage qualities, which make this material an excellent candidate
for MSTCs.

• Attention should be paid to the main parameters of MSTCs. In this sense, the thickness
of the plate affects the performance of the collector. As the thickness of the collector
increases, the efficiency factor and heat removal rate increase around 47% and 39%,
respectively. Also, as the diameter of the tubes increases the fin effectiveness of the
collector increases between 4% and 8.9%. On the contrary, as the space between the
pipes increases the heat removal values decrease around 30% and 55%, whatever the
plate thickness.

• There is a linear correlation between the solar collector area and hot water consump-
tion. The integration of massive collectors in façades could be a good solution when
there is a high demand for hot water but a small roof area of the building.

• The modeling of an MSTC can be done in different ways, from simple 2D models up to
complete, fully 3D simulations, which of course improves the accuracy at the expense
of increasing the computational cost of solving these problems. Finite element and
finite volume methods are generally used to solve the physical problem. Additionally,
artificial neural network models were also implemented to reduce the computational
cost of the simulations.

• Simulation analyses showed that attached collectors (integrated with the façade) can
reduce the heat gains into the building while at the same time producing hot water.
Another key point is that the payback period for these systems is only 2.54 years,
an important characteristic for improving the market’s penetration of this technology.

• Sensitivity analysis by numerical modeling confirmed that the diameter of the tubes,
the spacing between them, and the absorber thickness are the main design parameters
that influence the collector’s energy output, as was also demonstrated by experimen-
tal studies.

• Other studies showed that concrete thermal conductivity and solar absorptance are
also pointed out as two important parameters that influence the performance of the
device. Modification of these properties can increase the efficiency by 10% and 33%,
respectively. In this sense, thermal conductivity can be increased by adding highly
conductive materials, like metallic scrap and wire mesh, which have been shown to
improve the performance of the collector.

• Using asphalt as an alternative material to concrete showed that thermal conductivity
and asphalt surface absorptivity are also important parameters for MSTCs. Changing
these properties can lead to an increase in efficiency up to 6.4% and 12.2%, respectively.

• Regarding the integration with buildings, it was found that in the presence of a
well-insulated back of the concrete absorber material, the collector has a negligible
influence on the interior environment of a building. This is an important point that
allows us to simplify the modeling of solar collectors in general by assuming detached
configurations.

• Regarding the inclusion of TES systems in solar collectors it was found that the
correct inclusion of latent-based TES materials can improve the energy performance of
MSTCs. Improvements of 38.9% and 27.4% were possible in warm and cold climates,
respectively.
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• The use of recycled aggregates could be an interesting choice for the use in MSTCs.
They can contribute positively in two ways, by increasing the TES capacity of the
collector by using PCMs, and by reducing the negative environmental impact of
construction wastes.

According to everything discussed above, it can be concluded that MSTC technologies
can contribute to the reduction of greenhouse gases and they are at the same time excellent
examples of the integration of solar energy devices with the building envelope.
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Abbreviations

The following abbreviations are used in this manuscript:

CO2 Carbon dioxide
MSTC Massive solar thermal collector
TES Thermal Energy Storage
PCM Phase Change Material
DHW Domestic hot water
PVC Polyvinyl chloride
PSC Pavement solar collector
MFRC Metal-fiber-reinforced concrete
ASC Asphalt solar collector
TMY Typical meteorological year
CFD Computational fluid dynamics
ANN Artificial neural network
MIP Mercury Intrusion Porosimetry
PB Poroton® fired-clay block
HDPE High density polyethylene
PE-X Polyethylene
GRC Glass-reinforced concrete
CCC Cellular-clayey concrete

Appendix A

The following table provides a detailed summary of the works done so far in the field
of MSTCs over the last 30 years.
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Table A1. Main literature works on massive solar thermal collector (T = theoretical, E = experimental, W = water heating, DHW = domestic hot water, H = space
heating, HR = heat reduction (effect of heat-island in a city), HT = heat transfer, HEE = heat energy extraction, IM = ice and snow melting process, A = collector
surface, t = collector thickness, ∅in = pipes inner diameter, ∅out = pipes outer diameter, δ = space between pipes, q̇ = fluid flow rate).

Year Analysis Application Massive Material Main Characteristics Pipe Material Main Characteristics Efficiency (Yes/No) References

(T/E) A (m2), t (m) ∅ (mm), δ (mm), q̇ (L/min) Glazing, Back Insulation,
Black Paint

2023 E HR Asphalt A = 0.08, t = 0.05 Copper ∅out = 24.5, δ = only 1 pipe, q̇ = - no, yes, no [38]
2022 T DHW Concrete A = -, t = 0.127 - ∅out = 25.4, δ = 165, q̇ = - no, no, no [8]
2021 E DHW Concrete A = 2.24, t = 0.10 Aluminum ∅out = 12.5, δ = -, q̇ = 0.24, 0.38 and 0.50 no, no, yes [39]
2020 T and E W Asphalt mixture A = 1.2, t = 0.2 Stainless steel ∅in = 15.8, δ = 110, q̇ = 0.4, 1.34, 0.98 and 1.07 no, no, no [17]
2020 T and E W Asphalt A = 1.0, t = 0.062 Galvanised steel ∅in = 14.0, δ = 117, q̇ = 0.25–1.50 no, yes, no [18]
2019 E W Asphalt A = 0.50, t = 0.05 Copper ∅in = 9.52, δ = 50, q̇ = 1.20 yes, yes, no [40]
2019 E W Reinforced Concrete A = 2.0, t = 0.03 - ∅out = 12.7, δ = 150, q̇ = 1.0 yes, yes, yes [16]
2018 T DHW Concrete and refractory A = 16.0, t = 0.23 Copper ∅out = 10.0–20.0, δ = -, q̇ = 0.12–0.22 no, yes, no [25]

carborundum brick
2018 E W Concrete A = 2.0, t = 0.03 Copper ∅ = 8.0, δ = 80, q̇ = 0.33–0.75 yes, yes, no [15]
2017 T DHW and H Concrete A = 1.0, t = 0.08 Copper ∅out = 15.0, δ = 50, q̇ = 0.30 no, yes, yes [22]
2017 T and E DHW Concrete A = 1.0, t = 0.08 Copper ∅out = 15.0, δ = 50, q̇ = 1.20 no, yes, yes [11]
2017 E DHW Reinforced Concrete A = 2.0, t = 0.035 Copper ∅out = 10.0, δ = 80, q̇ = 0.50 yes, yes, yes [14]
2017 E W Ceramic A = 1.597, t = 0.027 Ceramic ∅in = 17.0, δ = 40, q̇ = 1.98, 2.34, 2.70 yes, yes, yes [29]
2016 T and E W Asphalt concrete A = 1.67, t = 0.119 Copper ∅out = 15.0, δ = 457, q̇ = 1–4 no, no, no [13]
2016 T and E H Concrete A = 2.20, t = 0.07 - ∅out = 12.0, δ = -, q̇ = 2.50 no, yes, no [24]
2016 E SWH Reinforced Concrete A = 2.0, t = 0.10 Copper ∅out = 12.0, δ = 80, q̇ = 0.417 yes, yes, yes [12]
2014 E W Concrete with/without A = 2.24, t = 0.10 Aluminum and ∅ = 12.5, q̇ = 1.20 no, no, yes [9]

aluminum wire mesh PVC
and iron scraps

2013 T W Concrete A = 3.50, t = 0.127 PE-X ∅out = 25.4, δ = 16.5, q̇ = 15–75 (kg/h m2) no, no, no [5]
2013 T H Concrete A = -, t = 0.07 - ∅ = 16.0, δ = 200, q̇ = - no, yes, no [41]
2013 E W Asphalt concrete (upper A = 0.104, t = 0.09 Porous asphalt layer instead ∅ = -, δ = -, q̇ = - no, no, no [42]

and bottom layers) of embedded pipe network
2012 E W Concrete A = -, t = 0.25 Acrylic plastic ∅ = -, δ = -, q̇ = - no, no, yes [43]
2011 T and E H Plaster A = 2.5–5, t = - PE ∅ = -, δ = -, q̇ = - no, yes, yes [44]
2011 T and E W Concrete A = 5.75, t = 0.12 PVC ∅out = 25.4, δ = 100, q̇ = - no, no, no [23]
2011 T and E IM Asphalt concrete A = 2.7, t = 0.1 Copper ∅out = 20, δ = 300, q̇ = 0–1 no, yes, no [45]
2011 E HR Asphalt A = 0.09, t = 0.15 Copper ∅out = 20, δ = 100, q̇ = 0–2 no, yes, no [46]
2010 T and E DHW Concrete A = 2.0, t = 0.04 Copper ∅out = 14, δ = 100, q̇ = 2.48 yes, yes, yes [47]
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Table A1. Cont.

Year Analysis Application Massive Material Main Characteristics Pipe Material Main Characteristics Efficiency (Yes/No) References

(T/E) A (m2), t (m) ∅ (mm), δ (mm), q̇ (L/min) Glazing, Back Insulation,
Black Paint

2010 T IM Asphalt A = 0.72, t = 0.078 - ∅out = 20, δ = 90–150, q̇ = 1.17, 1.33 and 1.67 no, no, no [48]
2009 E HEE Asphalt concrete A = 0.09, t = 0.15 Copper ∅out = 20, δ = 100, q̇ = 0–1 no, yes, no [49]
2008 E IM Concrete pavement A = 1, t = 0.3 HDPE ∅out = 25, δ = 200, q̇ = <83 no, yes, no [50]
2007 T DHW and H Concrete A = 5.25, t = 0.229 Copper ∅ = 6.35, δ = -, q̇ = 11.4–0.00016 yes, yes, yes [51]
2004 T W and H Concrete A = 1.16, t = 0.038 PE ∅out = 20, δ = 19, q̇ = - yes, no, yes [52]
2002 T and E HT Concrete A = 0.312, t = 0.10 Not present ∅ = -, δ = -, q̇ = - no, yes, no [53]
2000 E DHW Reinforced Concrete A = 1.06, t = 0.055 Aluminum ∅out = 19.0, δ = 60, q̇ = 1.33–1.67 no, no, yes [7]
2000 T and E H CCC A = 1.88, t = 0.20 - ∅ = -, δ = -, q̇ = 5.6 and 9.0 no, no, no [21]
1994 E W Concrete A = 0.90, t = 0.050 Galvanised steel ∅in = 16.4, δ = 100, yes, yes, yes [54]

q̇ = 0.011, 0.022 and 0.033 (kg/s m2)
Concrete A = 0.90, t = 0.050 Propyleneglycol ∅in = 13.0, δ = 100, yes, yes, yes

q̇ = 0.011, 0.022 and 0.033 (kg/s m2)
Concrete A = 0.93, t = 0.050 PVC ∅in = 13.5, δ = 100, yes, yes, yes

q̇ = 0.011, 0.022 and 0.033 (kg/s m2)
1992 T W GRC A = -, t = 0.020 - ∅ = 10.0, δ = 40–100, q̇ = - no, no, no [55]
1992 T W Cellular concrete A = 0.90, t = 0.035 PVC ∅out = 20.0, δ = 60–150, q̇ = 0.60–1.20 yes, yes, yes [56]
1989 E W Cellular concrete A = 0.90, t = 0.035 PVC ∅out = 20.0, δ = 60–150, q̇ = 0.60–1.20 yes, yes, yes [57]
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