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Abstract: Among the alternatives for improving the thermal comfort conditions inside buildings
are the thermally activated building systems (TABS). They are embedded in different building
components to improve the indoor air temperature. In this work, a review and analysis of the state
of the art of TABS was carried out to identify their potential to improve thermal comfort conditions
and provide energy savings. Furthermore, this study presents the gaps identified in the literature so
that researchers can develop future studies on TABS. The articles found were classified and analyzed
in four sections, considering their implementation in roofs, walls, floors, and the whole envelope.
In addition, aspects related to the configuration of the TABS and the fluid (speed, temperature, and
mass flow rate) were analyzed. It was found that when TABS are implemented in roofs, walls, and
floors, a reduction in the indoor temperature of a building of up to 14.4 °C can be obtained. Within
the limitations of the TABS, the complexity and costs of their implementation compared to the use of
air conditioning systems are reported. However, the TABS can provide energy savings of up to 50%.

Keywords: thermally activated building systems; thermal comfort; thermal mass; energy savings;
radiant envelope; heat exchanger pipes

1. Introduction

According to experts from the Intergovernmental Panel on Climate Change (IPCC),
climate change has impacted all countries [1]. The level of electricity consumption for
thermal comfort has increased dramatically due to population growth. Moreover, in the last
decade, significant changes in many meteorological phenomena and weather conditions
have occurred in the world. It is estimated that the amount of energy consumed by the
residential and construction sector in 2018 was 36%, of which 39% of the energy was related
to CO2 emissions worldwide [2].

A building is a construction or an enclosure made of different materials destined to be
inhabited or destined to be used for conducting other activities. It is well known that most
of the heat gains of the building envelope occur due to the received solar irradiance, the heat
exchange with the outdoor environment, and its geometry and orientation. These heat gains
or losses of the building envelope usually cause the inhabitants to use an air conditioning
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system to achieve thermal comfort. The scientific community has begun to search for and
analyze construction alternatives that can reduce or increase thermal loads in buildings and
reduce global electricity consumption through renewable energy [3,4]. Several construction
alternatives to improve the indoor environment of a building are available, such as earth-
to-air heat exchangers [5–7], ventilated roofs [8–10], reflective materials [11–13], passive
design strategies [14–16], and thermally activated building systems (TABS) [17–19], among
others. These design strategies also contribute to the proposal of intervention alternatives
for the rehabilitation of spaces, considering the occupants, thermal adaptation, and energy
use [14].

TABS can reduce heat gains or losses because of the heat exchange from embedded
pipes installed in different building components. These pipes exchange heat directly with
the thermal mass of the building and improve the temperature of the indoor environ-
ment [20]. Inside the pipes, water or air is generally circulated; these pipes are embedded in
roofs, floors, or walls, depending on factors such as the climatic zone, orientation, and con-
struction materials, among others. TABS are used to decrease or increase the temperature in
the indoor space of an enclosure. The integration of the system with the construction struc-
ture allows the use of solar energy to be included, since the working fluid can be reused
for other applications, helping to reduce pollution from greenhouse gases. According to
the literature, the cost of implementing TABS is higher than traditional HVAC systems.
However, the energy saving provided by TABS is 25% higher compared to the lifetime of a
traditional air conditioning system. Using water as the working fluid in TABS increases
energy savings because water can transport energy 3500 times more effectively than air.
Among the advantages of using TABS over HVAC systems are: high indoor air quality,
greater energy efficiency and smaller size, and low maintenance costs [21]. Although ther-
mally activated systems have been studied, analysis of the envelope is required to obtain a
better performance [22].

Various authors have analyzed the application of TABS, which have been referred
to with different names depending on the application and the location in the building
envelope. The literature is not consistent in labeling TABS. Table 1 summarizes the different
names used for TABS.

Table 1. Other names used for TABS and their applications.

Name Location Mode

• Hollow core slab
• Embedded tubes with hot/cold fluids
• Slab cooling/heating system
• Floor heating system
• In slab heating floor
• Radiant floor
• Concrete core
• Pipe-embedded envelope
• Radiant slab cooling
• Concrete core cooling slab
• Thermally activated building constructions
• Active building storage systems
• Embedded hydronic pipe systems

• Floor
• Roof
• Wall
• Whole envelope

• Heating
• Cooling

TABS have been used for both heating and cooling and are located in different sections
of a building envelope depending on their application. Previous review articles on TABS
are available and discuss several aspects related to the thermal behavior of this technology.
For instance, Rhee and Kim [23] analyzed the basic and applied literature on radiant
heating and cooling systems embedded in the building envelope. The authors analyzed
the main uses of radiant systems and thermal comfort, their cooling/heating capacity,
obtained from different approaches such as computational fluid dynamics (CFD) analysis,
energy simulation, system configuration, and control strategies for use at other times of



Energies 2022, 15, 6179 3 of 31

the day. In the literature, TABS have also been analyzed according to their application,
design, topology, and control strategies. Romaní et al. [24] analyzed TABS based on
their application’s simulation and control strategies. The authors studied the system’s
generalities and design and classified the TABS by mode of operation, position, and working
fluid. Romaní et al. classified the TABS as radiant floor, radiant ceiling, hollow core slab,
concrete core, and pipe-embedded envelope. Ma et al. [25] conducted a review of the state
of the art of energy storage and dissipation in TABS. The authors focused on the extraction
of energy from the indoor environment of buildings and how it can be reused in other
systems. The authors concluded that by applying TABS correctly, an improvement in energy
efficiency can be obtained. The possibilities and limitations of using TABS on walls were
analyzed, such as in a work published by Krajčík and Šikula [26]. The authors examined
the use of TABS and compared four types of wall cooling system. Krajčík et al. [27] carried
out a review on TABS embedded in walls and their use as thermal barriers, with a focus on
the reduction in thermal loads. The authors selected only systems with pipes embedded in
the wall for heating and cooling. Krajčík et al. classified the wall system and the thermal
barriers by their function, the configuration of material layers, and the location of the pipes.
On the other hand, the analysis of TABS has also been considered in works incorporating
insulation materials, such as phase change materials, as studied by Cai et al. [28], which
contribute to improving the indoor environment and storing energy.

A bibliometric analysis was performed in order to explore the existing status of the
literature on TABS. Figure 1 shows a visual map where some aspects of the selected articles
were analyzed. To search for the term “Thermally Activated Building System”, the Scopus
database was used by prioritizing the publication period from 2015 to 2022. To input
the collected results, the open-source software VOSviewer, was used. It was found that
the most cited topics in the literature related to the term were: (1) thermally activated,
(2) cooling systems, (3) energy efficiency, (4) heat storage, and (5) thermal comfort. Figure 2
shows the countries of origin where the most articles about TABS have been published for
the last seven years. TABS are being researched extensively in China, the United States,
Germany, Spain, Belgium, and India, among others.

The present study aims to explore the state of the art of TABS in buildings and to
present information that would help researchers to develop new practices, technologies,
and research directions. The reviewed and analyzed articles were obtained mainly from
databases such as Scopus, Web of Science, and Google Scholar by prioritizing the publica-
tion period from 2015 to 2022. Within the criteria for selecting the articles, only articles in
which the heat exchanger tubes were embedded in a building envelope component (either
roof, wall, or floor), or even in the whole building envelope, were considered. This work
is divided into four sections, with the main findings highlighted when TABS are installed
on roofs, walls, floors, and the whole building envelope. In each section, a summary table
describes the applications of TABS in the building envelope, the type of climate studied,
the mode of operation, the TABS features, and the simulation methods.
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Figure 1. Network of keywords relating to thermally activated building systems.

Figure 2. Network of the origins of papers about thermally activated building systems.

2. TABS Embedded in Building Roofs

Building roofs are usually the building components with the most significant tempera-
ture fluctuations, and they receive solar energy for more hours than any other component.
Thus, in zones with a warm climate, building roofs are sources of unwanted heat that affect
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indoor thermal comfort conditions. This section focuses on the research works related to
TABS integrated into building roofs. The improvements in thermal comfort, combinations
with other technologies, and the energy savings provided by this technology are given in
this section.

2.1. Potential of TABS to Improve Thermal Comfort When Installed in Roofs

The thermal comfort conditions inside buildings depend on variables such as air
relative humidity, air temperature, and air speed, among others [29,30]. Several studies
were conducted to determine the influence of roofs with TABS on the indoor air temperature
of buildings, which can be considered as a method of assessing the thermal comfort
improvements provided by TABS.

One of the first studies was that presented by Gwerder et al. [31], who proposed a
control algorithm for TABS to comply with comfort requirements. The proposed method
incorporates the change between the heating and cooling modes of the TABS to satisfy
thermal comfort. The algorithm was tested in a simulation example. The hourly tem-
perature analysis demonstrated that the TABS maintained the indoor air temperature
between 21 and 27 °C for the whole year. Another control strategy for TABS in which the
operating mode (heating or cooling) is determined by the average indoor air temperature
was reported by Wit and Wisse [32]. They analyzed the thermal behavior of TABS with
different hydronic typologies integrated into the roof of two office buildings. After sev-
eral experimental tests, the results demonstrated that TABS could maintain the comfort
conditions of the two buildings because most of the measured indoor air temperatures
fell within the 80–90% satisfaction zones during the testing period. In another study of a
roof integrated with TABS, Rey Martínez et al. [33] analyzed the indoor air quality and
thermal comfort of a building. The building had four floors, TABS powered by a water
chiller, and a cooling tower. The authors found that the operating temperature remained
between 23 and 25 °C and the CO2 levels at 850 ppm during occupancy. A simulation
study of a building incorporated with TABS in the roof is described in Chung et al. [34].
EnergyPlus simulation software was used to apply different control strategies in each area
of the case study building. The authors varied the water supply temperature from 19 to
25 °C in the interior zone and the perimeter for heating and cooling, grouping the tests
into three case studies. Chung et al. concluded that by separating the proposed building
into zones with different control strategies according to each floor’s needs, the thermal
comfort improved by 5%. The experimental study presented by Dharmasastha et al. [35]
analyzed the thermal behavior of a hybrid system integrated with a TABS coupled to a
gypsum roof reinforced with fiberglass (TAGFRG). They built a test chamber with copper
tubes of 0.01 m internal diameter embedded in the roof under hot and humid conditions
in Chennai, India. The authors found that the TABS decreased up to 5.1 °C in the roof
interior surface temperature and 6.7 °C in the indoor air of the test chamber. Saw et al. [36]
studied the thermal behavior of a roof cooling system with a closed-loop pulsating heat
pipe (CLPHP) and compared it with a bare metal roof system design. The authors proposed
a rooftop CLPHP as an active cooling system for a tropical climate. This system consisted
of a closed circuit of copper pipe, placed between two aluminum plates under a sheet roof
and insulated on the lower surface. Methanol was used as a working fluid in the copper
pipe circuit. They simulated solar radiation using two halogen lamps. Saw et al. found that
a cool roof system with CLPHP reduced the indoor air temperature of the test cabin from
34 °C to 29.6 °C compared to the bare metal roof system.

Table 2 summarizes the studies presented in this section. The authors determined
the influence of TABS installed in building roofs on thermal comfort by analyzing the
indoor air temperature, satisfaction zone compliance, and comfort improvement percentage.
The influence of TABS installed in roofs appears to be beneficial for increasing the thermal
comfort in buildings.
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Table 2. Improvements in thermal comfort of buildings with TABS embedded in roofs.

Reference Weather Mode * TABS Features * Model Findings

[31] - H, C
F = Water,

DBP = 0.2 m,
φ = 0.015 m

The thermal comfort can be maintained
between 21 and 27 °C if TABS are used

with intermittent operation.

[32] Temperate H, C F = Water -
TABS maintained the indoor air

temperature within 80–90% of comfort
satisfaction zone.

[33] - C F = Water -
TABS maintained the indoor air
temperature in a range between

23 and 25 °C.

[34] - H, C F = Water
A control strategy by zones improves
the thermal comfort by 5% with the

TABS installed in the roof.

[35] Warm and humid C
F = Water,

DBP = 0.054 m,
φ = 0.01 m

TABS decreased the indoor air
temperature of the test chamber by up

to 6.7 °C.

[36] Tropical C F = Methanol,
φ = 0.00635 m

A CLPHP coupled to a metal roof
reduced the indoor air temperature by

up to 13% compared with the bare metal
roof system.

* H = heating, C = cooling, F = fluid, DBP = distance between the pipes, and φ = diameter of the pipes.

2.2. Combination of TABS with Other Technologies for Roofs

Several research works analyzed the combination of TABS with other technologies to
improve the indoor temperature of buildings. In the reported studies, TABS was combined
with solar collectors, ground heat exchangers, and materials that favor energy storage.
Wu et al. [37] developed a numerical model to analyze the behavior of a combined heating
system formed by solar air collectors connected to a TABS with intermittent operation.
The authors observed that the solar air collector inlet temperature ranged from 17 to 24 °C,
while the air collector outlet temperature ranged from 35 to 62 °C, with an average efficiency
of 47.1%. They concluded that with the proposed system an acceptable thermal comfort
temperature could be maintained inside the building ranging from 17 to 24 °C. In a recent
study, Chung et al. [38] simulated the behavior of a coupled system (TABS + ground heat
exchanger) considering 28 climatic conditions and varying the burial depth of the ground
heat exchanger. The authors found that the coupled system removed the peak thermal
loads by up to 75%, while a chiller cooling system removed it by 32%. They also found
that in this coupled system, the climatic conditions caused variations in the load-handled
ratio, obtaining better results in warm humid climates when the depth of the ground heat
exchanger was buried at 2 m.

Other authors studied the combination of TABS with phase change material (PCM).
A study of roofs with PCM and TABS is also available. Yu et al. [39] studied a roof with
embedded tubes through which air circulated. They validated and compared through a
CFD numerical simulation the thermal properties of the system with a PCM as insulation.
The authors proposed a concrete roof with a thickness of 0.19 m and a layer of 0.03 m
of paraffin as the PCM. The results show that the optimum phase transition temperature
increases linearly by approximately 2 °C when the average temperature of the outdoor air
rises. Compared to a roof without PCM, they found that the interior surface temperature
decreases by between 3.7 and 4.0 °C in different regions of China. In a more recent study,
the same authors [40] proposed a ventilated roof model with embedded pipes and a
stabilized layer of PCM (VRSP). The authors developed a steady-state three-dimensional
heat transfer model of the VRSP system in ANSYS FLUENT. The convective heat transfer
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coefficient on the interior surface of the roof was 8.72 W m−2 K−1 and 23.26 W m−2 K−1 on
the exterior surface, and the indoor air temperature was set at 26 °C. The effect of the phase
transition temperature, the thickness of the PCM layer, and the airflow rate in the tubes was
studied. The researchers found that the optimal design of the roof had a phase transition
temperature of 29–31 °C, a thickness of the PCM layer of 0.02–0.35 m, and an airflow rate
of 1.4–2.5 m s−1. It was shown that the optimum design reduced the average temperatures
of the interior surface by a factor ranging between 0.4 and 3.2 °C compared to the non-
ventilated roof. Moreover, the daily heat gain of the roof was reduced by a factor ranging
between 9 and 82%. In a recent study, Heidenthaler et al. [41] performed a comparative
analysis of TABS embedded in concrete and wooden roof slabs. The authors used the finite
element analysis (FEA) simulation software HTflux. They analyzed four basic variants of
fir and beech wood, of which they obtained five additional combinations. They also varied
the depth at which the tubes were embedded (0.03 and 0.06 m). The authors concluded
that by using wood in TABS, adequate heat flux densities can be achieved for heating in
low-energy buildings, supplying the fluid at higher temperatures compared to concrete
structures. The authors found that the basic combination of beech (radial/tangential) with
6 cm embedded pipes has a potential energy storage capacity 53% greater than a concrete
structure. Other authors that analyzed the behavior of a roof TABS coupled with a ground
source heat pump (GSHP) were Hu et al. [42]. The authors carried out an energetic and
exergetic analysis of a building for summer and winter. The authors found that adding a
cooling tower improves system performance with an efficiency of up to 16%, maintaining
the indoor ambient temperature within the range of 18–26 °C.

Table 3 summarizes the studies presented in this section. The coupling of TABS with
other technologies such as solar collectors or ground heat exchangers is expected to increase
the cooling or heating effect that TABS provides. Such a combination of technologies
demonstrates that TABS can be integrated into renewable energy sources and will help to
reduce the emission of greenhouse gases. Moreover, as mentioned above, the combination
of TABS with other technologies such as PCM increases the thermal mass of the building
roofs, which enhances the peak indoor air temperature reduction.

Table 3. Studies that analyzed the combination of TABS with other roof technologies.

Reference Weather Mode * TABS Features * Model Combination

[37] Cold region H
F = Air, DBP = 0.12 m,

φ = 0.04 m,
v = 2 m s−1

Solar air collector and TABS

[38]
Equatorial, arid,

warm temperature,
snow, polar

H, C - Horizontal ground heat exchanger
and TABS

[39]
Cool, winter,
hot summer,
mild regions

-
F = Air,

DBP = 0.024 m,
φ = 0.08 m

PCM and TABS
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Table 3. Cont.

Reference Weather Mode * TABS Features * Model Combination

[40] - -
F = Air,

DBP = 0.024 m,
φ = 0.08 m

PCM and TABS

[41] - H
F = Water,

DBP= 0.15 m,
φ = 0.016 m

Wood and TABS

[42] Cold winter H, C F = Water GSHP with TABS.

* H = heating, C = cooling, F = fluid, DBP = distance between the pipes, φ = diameter of the pipes, and
v = fluid velocity.

2.3. Potential of TABS to Reduce the Energy Consumption When Installed in Roofs

The reduction in the energy consumption of air-conditioned buildings due to the
incorporation of TABS in building roofs was analyzed in two research works. In the first
work, Lehmann et al. [43] investigated the functionality and application range of a TABS
by simulating a typical office in TRNSYS. The authors analyzed thermal comfort aspects,
maximum allowable heat gains in the room, and the re-cooling of the building mass. They
studied a building that was 6 m long, 5 m wide, and 3 m high facing west. This room
had pipes of 0.020 m internal diameter embedded in a 0.3 m-thick concrete roof slab and
a 0.25 m separation between pipes. It was found that the maximum allowable total heat
gains were 39 W m−2 with carpet in the room and 32 W m−2 with a false floor, with a
room temperature between 21 and 24 °C. Furthermore, the authors found that the TABS
reduced the energy consumption for cooling by 50% compared to the base case. The second
study is a simulation study mentioned in Section 2.1. Chung et al. [34] also estimated the
influence of the TABS installed on the roof on the thermal loads of the building prototype.
They found that compared to the reference case, the heating load was reduced by 10%,
the cooling load was reduced by 36%, and the total energy consumption decreased by
13% due to the TABS. Table 4 summarizes the studies presented in this section, where
the authors demonstrated the potential of TABS for reducing energy consumption and
reducing heating and cooling loads.

Table 4. Reductions in energy consumption provided by TABS embedded in building roofs.

Reference Mode * TABS Features * Model Findings

[34] H, C F = Water

The heating load was reduced by 10%,
the cooling load was reduced 36%,

and total energy consumption decreased by
13% with the TABS.

[43] C F = Water, DBP = 0.25 m,
φ = 0.020 m, ṁ = 13 kg h−1 - The TABS reduced the energy consumption

by 50% in cooling mode.

* H = heating, C = cooling, F = fluid, DBP = distance between the pipes, φ = diameter of the pipes, and ṁ = mass
flow rate.
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3. TABS Embedded in Building Walls

The walls of a building are another type of building envelope component that exchange
energy with the outdoor environment because of their significant surface area. Several
studies about TABS on building walls have been carried out. TABS embedded in walls is
a potential solution to improve their thermal behavior by increasing or decreasing heat
losses and saving energy. The aim of this section is to introduce the simulation methods
to predict the behavior of TABS, the most suitable configuration, and other techniques to
improve the design and construction of TABS.

3.1. Influence of the Flow Characteristics on the Thermal Behavior of TABS Embedded in Walls

Some authors have carried out experimental studies with TABS in walls, where they
have varied the fluid parameters such as inlet temperature and fill ratio to analyze the
thermal behavior of building walls with TABS. Zhu et al. [44] proposed a two-phase
thermosyphon loop (TPTL) incorporated into a thermally activated wall and tested it under
winter conditions. The authors carried out experimental tests using a test wall 1 m wide,
0.9 m, high, and 0.2 m thick with embedded tubes of 0.009 m internal diameter, using
ethanol as a working fluid. The authors varied the fluid temperature from 25 to 65 °C
and the fluid fill ratio from 60 to 144%. The authors found that the fill ratio between
the volume of the working fluid and the evaporator volume has a critical impact on the
thermal resistance and the starting behavior of the TPTL. They found that the optimal fill
ratio is around 116%. A theoretical–experimental study of pipes embedded in a wall for
analyzing the influence of pipe depth and spacing on the indoor temperature gradient
was carried out by Romaní et al. [45]. They installed an experimental prototype in Spain,
which measured 2.85 × 1.85 × 1.95 m. The prototype walls were made of alveolar brick,
with 0.016 m-diameter polyethylene tubes embedded 0.036 m from the interior surface and
a 0.15 m separation between each pipe. The experimental results obtained by the authors
show that the indoor temperature near the east, west, and south walls remains between
25 and 31 °C.

Table 5 summarizes the articles about wall-embedded TABS and the influence that the
working fluid has on thermal behavior. As can be seen, TABS does not only use water as
the working fluid.

Table 5. Influence of the flow on TABS embedded in walls.

Reference Mode * TABS Features * Model Findings

[44] H F = Ethanol, DPB = 0.20 m,
φ = 0.00822 m

The system exchanges 25.5 W m−2 with the
internal surface of the wall

[45] -
F = Water,

DPB = 0.05–0.30,
φ = 0.016 m

The temperature difference between the
inner and outer surface of the wall

decreases by up to 20 °C

* H = heating, F = fluid, DBP = distance between the pipes, and φ = diameter of the pipes.

3.2. Prediction of the Behavior of TABS Embedded in Walls

Some works have analyzed the thermal behavior of building walls with TABS by
modeling the system. The authors have analyzed the system using different methods such
as resistance–capacitance (RC), the number of transfer units (NTU), and finite difference
(FD). Fluid parameters such as inlet temperature, inlet velocity, and mass flow rate were
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analyzed. Some of these studies have been validated with experimental data, such as that of
Todorović et al. [46]. The authors used the analytical expression of Faxen-Rydberg-Huber
to determine the thermal characteristics of walls heated by embedded tubes. This expres-
sion was experimentally and theoretically verified using three heated wall panels with
different structures and geometric characteristics. The panels operated in heating mode,
the temperature of the water from feeding the pump was set at 40 °C, and the volumetric
flow circulated at 2 L min−1. The authors compared measurements of the average surface
temperature of the panels, using a test contact, thermistors, and a thermal imaging camera.
The differences between the average temperatures of the panel surfaces were 1.8 to 4.5%
when measured using a non-contact and contact method. The authors concluded that the
difference between the analytically calculated average temperature and the experimental
measurements is 13.7 and 8.6% by contact and non-contact methods, respectively. A model
of the frequency-domain finite difference (FDFD) of the thermal behavior of a building wall
construction was developed by Xie et al. [47]. The researchers built a test room to validate
the model, being 5.6 m long, 3.3 m wide, and 2.8 m high, divided into two test chambers by
a 0.31 m-wide wall. The experimental test had embedded polypropylene tubes of 0.02 m
diameter placed with a separation of 0.2 m. The authors varied the water inlet temperature
to 17.5, 19, and 20 °C, while the water inlet velocity was set at 0.5 m s−1. They found
that by supplying the water in the tubes at 17.5 °C, a heat exchange with the wall internal
surface of 25.5 W m−2 could be obtained. The results show that the finite difference model
could predict the behavior of construction with embedded pipes. The relative errors were
6.5% and 4.4% between the measurement and the prediction by the FDFD model for the
external surface heat flux and the pipe-embedded building envelope internal pipe surface
heat flux, respectively. In other research by the same group, Zhu et al. [48] developed a
semi-dynamic thermal model of an active pipe-embedded building. The model consists
of construction with embedded pipes in a 3 m-high and 2 m-wide wall . This model was
coupled with a resistance and capacitance model (RC) that predicts heat transfer along the
width of the structure and a number of transfer units model (NTU) to evaluate heat transfer
in the pipes. To assess the behavior of the semi-dynamic model, they developed a CFD
model in FORTRAN that functioned as an experimental virtual test for comparison. They
tested and verified three case studies where the water inlet temperature was set at 20 °C,
varying the water inlet velocity from 0.5 to 0.7 m s−1 and the thermophysical properties
of the wall; the pipe spacing was 0.02 m. The authors observed that the changes in the
heat fluxes taken away by the water are not obvious with different velocities in the water.
Meanwhile, an average difference of about 0.5 °C in the outlet temperature of the fluid was
found throughout the day. The results demonstrate that the semi-dynamic model predicts
the thermal behavior of a TABS with a relative error of 5%. Later, Zhu et al. [49] validated a
simplified semi-dynamic model of a chamber with tubes embedded in the envelope. They
built two chambers with a controlled environment to perform the validation, one with pipes
embedded in the envelope and the other without embedded pipes as a reference. The walls
of the chambers were made of alveolar brick, with a layer of cement mortar covering both
surfaces of the walls, with polybutylene tubes of 0.020 m in diameter embedded in the
layer of cement mortar. The water velocity was varied from 0.8 to 0.5 m s−1, and the water
temperature from 18 to 19 °C. The authors concluded that the difference between the model
and the experimental validation was minimal. The average relative error to predict the
outlet water temperature was less than 0.10 °C, while the heat transferred to the water
had a difference of 11%. Other authors that varied the flow rate with a numerical model
were Ibrahim et al. [50], who analyzed the behavior of the surface temperatures and the
fluid of a chamber with TABS in the walls through which water circulated. To compare
the experimental results with the numerical model, they used two chambers: a reference
sample, and the other as a test. The experimental chambers measured 2.25 × 1.6 × 1.2 m
(length, width, and height), composed of concrete walls with a thickness of 0.12 m with a
layer of 0.04 m aerogel plaster. The copper pipes were embedded in the aerogel plaster and
placed in a serpentine shape, with a separation between pipes of 0.10 m. The authors used
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a mixture of 60% water and 40% antifreeze as the working fluid, with a variable volumetric
flow rate of 5.53–11.6 L h−1 controlled by a pump in a closed circuit. The authors found that
the performance of the wall with TABS is affected by the weather, the indoor temperature,
the solar absorptivity of the envelope, and the mass flow rate. Qu et al. [51] investigated
the relationship between the design and the operating parameters of a thermally activated
wall system (TAW) using a mathematical model developed in COMSOL and validated with
experimental data from a test chamber. The variables analyzed were the separation between
each tube, the area of the thermally activated wall, the flow rate, and the inlet temperature
of the water. The authors proposed optimal design graphics for a thermally activated
wall system for China’s climatic zones. The test chamber measured 2 m × 2 m × 2 m, and
was thermally activated on the south wall with embedded tubes, where three separations
between tubes (0.01, 0.02, and 0.03 m) were tested. The water flow circulating through the
TAW had a velocity of 0.2 m s−1, and a heat pump supplied three different temperatures
(15, 17, and 19 °C). The results indicate that the water inlet temperature and the indoor air
temperature affected the heat transfer of the TAW. They found that the maximum inner
wall surface temperature occurred for a separation between tubes of 0.02 m and a water
velocity of 0.2 m s−1, and the maximum and minimum values reached 1.78 °C and 1.80 °C
during the cooling and heating mode.

Other studies have analyzed the effect that the arrangement, the separation and the
distance between the pipes have on the indoor temperature. Jiang et al. [52] investigated the
influence of the velocity and the type of arrangement on the performance considering the
changes in the water temperature. They compared two TABS arrangements in a numerical
study: a serial pipe-embedded wall (SPW) and a wall with embedded tubes connected in
parallel (PPW). The authors found that the inlet water temperature had a more significant
effect on the interior temperature than the sol-air temperature. The authors observed that
reducing the water temperature below 26 °C in summer and increasing the temperature
above 18 °C in winter reduced the cooling and heating thermal loads. Romaní et al. [45]
made a numerical model of a radiant wall in 2D, validated with an experimental prototype.
The radiant wall was simulated using the finite volume method (FVM). The parametric
study showed that the separation and the depth at which the pipes are placed significantly
influenced the walls’ thermal behavior. The authors obtained better performance when
placing the pipes at a depth of 0.045 and 0.065 m and with a separation of 0.0125 and
0.0150 m because the heat fluxes and the temperature inside are minimized.

Table 6 summarizes the articles about models developed for TABS embedded in walls.
Among the variables analyzed are the fluid supply velocity, the fluid inlet temperature,
and the configuration of the pipes that supply the fluid. As can be seen, TABS are mostly
used for heating and use water as the working fluid. Furthermore, TABS have different
arrangements and configurations depending on the building construction methods.

Table 6. Models developed to predict the behavior of TABS.

Reference Mode * TABS Features * Model Simulation Method/Model Simulation Tool

[45] -
F = Water,

DPB = 0.05–0.30,
φ = 0.016 m

FVM -

[46] H
F = Water, DBP = 0.07 and
0.10 m, φ = 0.016 m and
0.0116 m, V̇ = 2 L h−1,

Faxen-Rydberg-Huber -



Energies 2022, 15, 6179 12 of 31

Table 6. Cont.

Reference Mode * TABS Features * Model Simulation Method/Model Simulation Tool

[47] H, C F = Water, DBP = 0.20 m,
φ = 0.020 m, v = 0.5 m s−1 FDFD FLUENT

[48] -
F= Water, DBP = 0.20 m,

φ = 0.02 m,
v = 0.5–0.7 m s−1

RC-NTU Program written in
FORTRAN Code

[49] H, C
F = Water, DBP = 0.20 m,

φ = 0.02 m,
v = 0.8–0.5 m s−1

RC-NTU -

[50] H

F= Water, antifreeze,
DPB = 0.10 m,
φ = 0.012 m,

V̇ = 5.3–116 L h−1

- TRNSYS

[51] H, C
F = Water, DPB= 0.10,

0.20, and 0.30 m,
φ = 0.02 m, v = 0.2 m s−1

FEM COMSOL

[52] H, C
F = Water, DPB = 0.08 m,

φ = 0.008 m,
v = 2.7 m s−1

FVM FLUENT

* H = heating, C = cooling, F = fluid, DBP = distance between the pipes, φ = diameter of the pipes, V̇ = volumetric
flow rate, and v = fluid velocity.

3.3. Heat Losses and Heat Dissipation of Walls Integrated with TABS

A building wall integrated with TABS can reduce the heat losses of buildings in
winter. Ibrahim et al. [50] found that heat losses were reduced by between 9% and 35%
in the Mediterranean climates when a wall with embedded pipes was used. On the other
hand, a building wall integrated with TABS can dissipate heat more effectively than a
conventional wall. Li and Zhang [53], analyzed the behavior of a wall implanted with heat
pipes (WIHP). The authors compared the WIHP with a conventional wall in the summer
months in Tianjin, China. The WIPH wall dimensions were 1.72 m long, 1.72 m wide,
and 0.34 m thick, with 24 capillary tubes of 0.002 m in diameter and a length of 0.60 m.
The authors concluded that the WIPH system had a greater heat dissipation effect in the
summer. Its heat transfer capacity was 50.7 kW m−2, and the average temperature of the
WIPH was 2 °C lower than the conventional wall. Other authors, such as Iffa et al. [54],
included the use of an insulating material for energy storage and saving. The authors
coupled an active insulation system with a TABS embedded in a wall. They analyzed the
behavior of the system through simulation and experimental tests. It was found that if both
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systems are coupled, a flux of up to 81.92 W m−2 can be transferred from the wall to the
air. Thermal barriers were proposed by Krzaczek et al. [55] to maintain the changes in the
internal energy of the walls at a level close to zero. They proposed a thermal barrier model
in residential construction, which consisted of a system of tubes embedded in the walls to
heat or cool a building, controlled by a fuzzy logic program. The pipes were supplied by
water without antifreeze at 25.3 °C for summer and 20.5 °C for winter. The experimental
test period was 17 months. They found that the control method through the thermal barrier
system was efficient for maintaining a comfortable temperature inside, finding that the
temperature variations in the exterior and interior wall of construction were less than 1 °C.

Table 7 summarizes the studies presented in this section. These research works indicate
that walls integrated with TABS allow heat gains to the indoor of buildings to be reduced.
However, it is important to analyze the most suitable configurations to increase heat dissi-
pation, because a reduction of 2 °C in the case of the study reported by Li and Zhang [53]
could be considered low if the complexity of the installation of the TABS on the walls
is considered.

Table 7. Heat losses and heat dissipation of TABS embedded in walls.

Reference Mode * TABS Features * Model Findings

[50] H
F = Water, antifreeze,

DPB = 0.10 m, φ = 0.012 m,
V̇ = 5.3–116 L h−1

With the system proposed the heat losses
were reduced from 35% to 9%.

[53] C φ = 0.0042 m

The system has a heat transfer capacity of
50.7 kW m−2. The temperature of the wall

with TABS was 2 °C lower than a
conventional wall.

[54] H F = Water, DPB = 0.076–0.152 m,
φ = 0.019 m

The TABS reduced the temperature of the
wall by 10 °C.

[55] H, C F = Water, DPB = 0.20 m,
φ = 0.025 m,

The control method through the thermal
barrier system was able to maintain a

comfortable temperature inside, with a
temperature variation smaller than 1 °C.

* H = heating, C = cooling, F = fluid, DBP = distance between the pipes, φ = diameter of the pipes, and
V̇ = volumetric flow rate.

3.4. TABS Walls and Other Techniques for Energy Saving

The TABS is studied for its capacity to improve buildings’ indoor thermal comfort;
some authors have proposed integrating new insulating materials and techniques to control
the system. Comparing two TABS arrangements in a numerical study, Jiang et al. [52]
found that the energy load reduction rate of a serial pipe-embedded wall (SPW) system
is higher (25.2%) than that of a wall with embedded tubes connected in parallel (PPW)
(8.7%). The influence of the TABS on heating energy consumption in a typical Serbian
home was determined by Stojanović et al. [56]. The authors simulated a TABS in Ener-
gyPlus. The TABS was fed with groundwater, where three supply temperatures were
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used: 10, 14, and 18 °C. The authors concluded that when the TABS is used for heating,
energy savings of up to 75% can be obtained with a supply temperature of 18 °C. Further-
more, they emphasized that all renewable sources can be used as an energy source for the
TABS when it is used for heating. Guerrero et al. [57] proposed a new prefabricated panel
for residential building facades. The authors proposed the integration of phase change
materials (PCM) and concrete as structural elements. In this structure, water circulates
through heat exchange pipes embedded in mortar cement, made of plastic material with
an outer diameter of 0.01 m and a separation of 0.10 m between the pipes. The inlet water
temperature and the distance between pipes were varied, from 30 to 45 °C and from 0.08
to 0.12 m, respectively. The authors concluded that the system design depends on the
meteorological conditions; if it is designed for winter, a phase change temperature around
24 °C is required. If it is used for summer, the required phase change temperature is around
20 °C. The efficiency was reduced to 6% when the distance increased from 0.08 m to 0.12 m.
On the other hand, the efficiency reached approximately 7% with the increasing inlet water
temperature of 45 ºC. Chen et al. [58] also proposed a thermo-activated PCM composite
wall (TAPCW). The TAPCW consisted of placing an intermediate layer with tubes em-
bedded in a macro-encapsulated PCM on the outer side. The authors used a validated
numerical model to study the thermal and energy-saving performance of TAPCW under
winter weather conditions in northern China. The authors analyzed different values for the
spacing between each tube, the thickness of the PCM, and the orientation. The parametric
study showed that the separation between pipes has a more significant influence on the
system than the thickness of the PCM. They found that a separation between pipes of
0.01 m could be used for the thermal barrier function and a separation between tubes of
0.075 m for the heating function. The researchers also found that the TAPCW oriented to
the north was more effective because it had an interior temperature increase of up to 1.8 °C
and reduced energy consumption by 65%. Guerrero Delgado et al. [59] characterized and
evaluated a panel designed for facades with an integrated TABS. As a first stage, the authors
studied the behavior of the TABS through modeling in ANSYS FLUENT operated under
different climatic zones. In the second stage, the authors integrated the TABS into a building
using a simplified model to evaluate the energy demand and the system energy-saving
potential. Guerrero Delgado et al. concluded that the proposed TABS is fully compatible
with renewable energies, showing that energy savings of up to 40% for heating can be
obtained. Kisilewicz et al. [60] present preliminary results of the thermal behavior of a
thermally activated wall coupled with a ground heat exchanger. The authors compared
an actively insulated wall against a reference wall under Hungarian climatic conditions.
The thermally activated insulated wall construction consisted of a concrete layer on the
outside, a layer of extruded polystyrene, tubes embedded in reinforced concrete, and an
interior layer of extruded polystyrene. As working fluid in the embedded tubes, in summer,
they used refrigerant at a lower temperature than that of the indoor air and a temperature
higher than that of outdoor air in winter. The authors concluded that thermally activated
insulation significantly improves the exterior wall’s insulation parameters because, in the
periods analyzed, they obtained a reduction in total energy loss through the external walls
from 53 to 81%. To control the water supply temperature in the system, Qu et al. [61]
proposed a model for the heat transfer of a TABS in walls under the climatic conditions of
Beijing, China. The authors built a test chamber to validate the energy consumption and
simulated indoor temperature in EnergyPlus. The test cabin had the following dimensions:
0.8 m long, 0.8 m wide, and 0.8 m high. It had embedded tubes of 0.02 m in diameter
and separation between pipes of 0.05 m. The results indicate that pre-cooling a room
overnight and reducing the water supply temperature can improve thermal comfort and
reduce the unit capacity by over 35%. Kalús et al. [62] proposed the design of a ther-
mally activated precast panel. The authors presented the development of a facade system,
through calculations and a parametric study of the system for heating and cooling mode.
They discovered that a number of variables, including pipe diameter, distance between
the pipes, pipe dimensions, mean heat transfer medium temperature, and the heat storage
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capacity of building structures, affect the thermal and cooling performance of thermal
insulation panels.

Table 8 shows the main works on thermally activated walls. These studies analyzed
the behavior of TABS by changing parameters such as fluid velocity, temperature, and the
location of the pipes, among others. These changes resulted in energy savings from 40 to
75%. Furthermore, by adding a layer of PCM to the TABS wall system, it is possible to
obtain up to 65% energy savings.

Table 8. Energy savings of TABS embedded in walls and other techniques.

Reference Mode * TABS Features * Model Findings

[52] H, C F = Water, DPB = 0.08 m,
φ = 0.008 m, v = 2.7 m s−1

A serial pipe-embedded wall reduced
energy load rate by 25.2% while a wall

with embedded tubes connected in parallel
reduced it by 8.7%.

[56] H F = Water
When the TABS is adapted for heating a
home, it can provide energy savings of

up to 75%.

[57] H
F = Water, DPB = 0.08, 0.10,

0.12 m, φ = 0.01 m,
v = 2.7 m s−1

The efficiency of the TABS increases by up
to 7% when the inlet temperature increases,
and when increasing the distance between

the pipes it decreases by up to 6%.

[58] H F = Water, DPB = 0.15 m,
φ = 0.02 m

The thermo-activated PCM composite wall
increased the indoor temperature and
reduced energy consumption by 65%.

[59] H F = Water, DPB = 0.10 m,
φ = 0.01 m, v = 1–2 m s−1

The TABS provided energy savings of up
to 40% in heating mode.

[60] H, C F = Refrigerant, Water,
DPB = 0.2 m, φ = 0.02 m

TABS improves the exterior wall’s
insulation parameters because it causes a

reduction in total energy loss from
53 to 81%.
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Table 8. Cont.

Reference Mode * TABS Features * Model Findings

[61] H, C F = Water, DPB = 0.15 m,
φ = 0.014 m

The proposed system reduced the
discomfort rate by over 35%.

[62] H, C -

The proposed panel application is most
suitable for buildings made with materials

with good thermal conductivity and
heat accumulation.

* H = heating, C = cooling, F = fluid, DBP = distance between the pipes, φ = diameter of the pipes, and
v = fluid velocity.

4. TABS Embedded in Floor

This section focuses on TABS installed in the floor, their configurations, and materials
used to improve the thermal comfort of the buildings.

4.1. Strategies for Improving the Behavior of TABS Embedded in Floors

Some authors have chosen to analyze floor TABS by simulating their behavior to
improve thermal comfort [63]. Joe and Karava [64] developed a model predictive control
(MPC) to optimize its behavior, reduce energy consumption and costs, and increase thermal
comfort. The authors compared simulated and experimental data from three buildings in
heating and cooling mode: (1) with a hydronic radiant floor system, (2) with a wall diffuser,
and (3) with a roof diffuser. The authors found that significant energy and cost reductions
were achieved compared to a traditional HVAC system. The cost savings were close to
34%, and the energy savings were 16%. Meanwhile, the building with the radiant floor
system obtained energy savings of 50% and 29% compared to buildings 2 and 3. In the
case of Feng et al. [65], they analyzed the impact of solar radiation on floor cooling in
order to find the cooling load of the proposed system. The authors modeled the system in
Energy Plus with a total of 864 simulations. The authors found the floor cooling capacity
to be 35.6–44.0 W m−2 at an operating temperature of 24 °C. Yang et al. [66] analyzed the
behavior of a radiant floor heating system embedded in concrete. The authors analyzed
the behavior of the system by simulating different scenarios in Modelica. The separation
between tubes (100–500 mm), the thickness of the concrete (50–190 mm) and the temperature
of the water supply (35–60 °C) were varied. The authors found that by supplying a water
temperature of 35 °C, the indoor temperature was kept below the comfort temperature.
However, increasing the separation between tubes and supplying a higher temperature
increased the thermal comfort. With respect to the thickness of the concrete, the authors
found that by increasing the thickness, fewer disturbances were obtained in the indoor air
temperatures, but the energy consumption of electricity increased.

Some authors have analyzed the behavior of TABS using different construction materi-
als on the floor. To analyze its thermal behavior and the ability to store heat, Ma et al. [67]
proposed a radiant floor with embedded pipes. The authors analyzed the thermal behavior
of the radiant concrete panel experimentally and with a simplified model. They compared
two concrete blocks with aluminum-plastic (XPAP) embedded pipes, where one block had
aluminum fins attached to the bottom surface of the pipe and another block had embedded
tubes without fins. Inside the pipes, water was circulated at three different temperatures,
25.0 °C, 29.8 °C and 34.6 °C. The authors found that the radiant floor with aluminum
fins reduced the temperature through the concrete block and improved energy storage,
increasing exponentially with increasing fin height. The authors concluded that the height
and material of the fins integrated into the tubes have a significant effect on the energy
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storage rate. Other authors that analyzed the effect of varying construction materials on the
behavior of TABS were Pardo et al. [68]. The authors developed an RC model of a TABS
embedded in the floor and compared two types of materials as a cover, granite and wood.
The authors analyzed 216 dwellings, where they varied the location, glazing, insulation,
heat capacity and orientation. The authors found that wooden floors can offer a good
performance when compared to materials with high thermal conductivity. With wood as
floor covering, a 6.4% reduction in energy demand and a 1.4% reduction in comfort hours
were obtained.

Table 9 summarizes the studies that analyzed the behavior of TABS in flats. The various
authors have not only analyzed the behavior of TABS, but have also varied the construction
materials. It can be seen that most of the works were carried out for heating, varying
the configuration.

Table 9. Studies that analyzed strategies for improving the behavior of floor TABS.

Reference Mode * TABS Features * Model Findings

[64] H, C F = Water

When applying the MPC, the indoor
temperature was 22–26 °C for the cooling
mode and 17–25 °C for the heating mode.

Soil temperature was maintained in a
range of 15 to 29 °C.

[65] C F = Water The radiant floor increased its cooling
capacity up to 140 W m−2.

[66] H
F = Water,

DBP = 0.1–0.5 m,
φ = 0.026 m

A tube spacing of 0.3 m maintained a
comfort temperature of 21 to 25 °C

[67] H F = Water, DBP = 0.15 m,
φ = 0.02 m

Implementing aluminum fins on the heat
exchanger tubes improves the thermal

behavior of a floor. Storage capacity
increases with fin material embedded in

exchanger tubes.

[68] H
F = Water, DPB = 0.15 m,

φ = 0.016 m,
V̇ = 200 L h−1

By using the TABS on the floor, the energy
demand decreased by 18% and thermal

comfort increased by 14%.

* H = heating, C = cooling, F = fluid, DBP = distance between the pipes, φ = diameter of the pipes, v = fluid
velocity, and V̇ = volumetric flow rate.

4.2. Combination of TABS with Other Technologies for Floors

Floor TABS have also been coupled with other systems in order to improve system
efficiency and thermal performance. Park et al. [69] conducted a study to estimate the
thermal comfort and energy consumption of a TABS combined with a radiant floor heating
system (RFHS) and an air conditioning system package (PAC). The authors performed
the analysis using simulations from EnergyPlus of a conventional residence construction
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and a low-thermal-load residential construction, in which they proposed 17 different
combinations. The authors found that combining TABS with other systems showed better
thermal comfort. However, the configurations TABS-PAC and TABS in cooling mode
maintained the indoor comfort conditions. The authors suggested that the TABS should be
operated under pre-cooling conditions considering the occupancy and cooling load of the
building. Cen et al. [70] experimentally compared the behavior of a radiant floor system
with a fain coil. The authors analyzed the influence of the size of the space on thermal
comfort, using a variable space height of 3, 5, 7 and 9 m. The authors found that the indoor
air temperature is similar using either of the two systems when the height of the room is 5,
7 and 9 m, with a temperature of 20.8 to 25.4 °C. However, they found that the air velocity is
lower at all heights when using a radiant floor system (0.03 to 0.04 m s−1) than when using a
fan coil (0.09 a 0.12 m s−1). The authors concluded that the thermal comfort is better with a
radiant floor system when the size of the space is lower. Zhang et al. [71] combined radiant
floor cooling with an underfloor ventilation system (RFCUV). The manuscript focused on
developing a dynamic model for radiant floor energy savings compared to the proportional
integral derivative model. The water supplied to the radiant floor was 22 °C to 24 °C.
The authors found that the system had an energy saving of 17.5%, 8.2% for the air-cooled
chiller and 20.5% for the air handling unit. The behavior of a composite hybrid radiant floor
was evaluated by Gu et al. [72] in a hot and humid climate. The authors proposed four case
studies where they combined the floor coil, fan coil and outdoor air unit in an office divided
by zones. The water was supplied to the tubes by means of an air source heat pump in a
temperature range of 7 °C to 45 °C. The best case was the one with the combination of the
four elements, with a surface temperature of the floor that dropped to 22.8 °C, a relative
humidity from 52.1 to 59%, and an average floor heat flux of 60 W m−2. A study of radiant
floor heating was conducted by Hwang et al. [73]. The authors performed a simulation
of a radiant heating floor assisted by air source heating systems in residential buildings,
increasing the floor temperature by 1 °C (20–25 °C). The authors found that there are greater
energy savings (59.2%) when only the air heat pump works and the floor temperature
is lower (20 °C), whereas when only the radiant floor works, the temperature increases
(25°C), thermal comfort decreases, and there is no energy saving. When the radiant floor
is assisted by the heat pump, energy savings of 19.6% to 37.6% are obtained. In the case
of Sharifi et al. [74], an algorithm was developed to determine the optimal load split of a
hybrid TABS. The floor TABS was coupled with a ground source heat pump. They used
a design methodology that guaranteed thermal comfort and a reduction in energy use.
The authors analyzed the behavior of the system and found that the proposed algorithm
reduced the cooling demand by 45% and the heating energy demand by 38%. Authors such
as Zhu et al. [75] experimentally analyzed the coupling of a radiant floor and a fan coil
cooling (RFCAFC) system in a place with a humid climate. The tubes were made of PE-RT
and embedded in a concrete floor with polystyrene insulation and mortar. The system
had the ability to automatically change the temperature of the fluid depending on weather
conditions. The authors analyzed three different climatic conditions: (1) low temperature
and high humidity; (2) high temperature and low humidity; and (3) average temperature
and humidity. Zhu et al. found that the fan coil can reach 73.8% of the proportion of
the cooling load. The case study with medium temperature and humidity consumed
11.36 kWh−1, 15.4% less energy than the case with low temperature and high humidity.
With this coupling the authors were able to maintain the soil surface temperature at 23 °C.
Ren et al. [76] carried out an experimental analysis of radiant floor cooling (RFC) with a
floor cooling source and displaced ventilation. The authors implemented control strategies
with intermittent operation of the system and varying the speed and supply of water flow
in the tubes, according to climatic conditions. The authors suggested that there should be
a pre-cooling time to reduce the temperature inside the construction. With the proposed
control strategies, the surface temperature of the floor decreased to 23.6 °C, with a difference
of 4 °C between the radiant temperature and indoor air.
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The floor studies presented in this section are summarized in Table 10. The table
indicates that floor TABS have also been coupled with other systems in order to save energy
and reduce the indoor temperature of buildings.

Table 10. Studies that analyzed the combination of floor TABS with other technologies.

Reference Mode * TABS Features * Model Findings

[69] H, C F = Water, DPB = 0.2 m,
φ = 0.02 m

The indoor air temperature remained at
26 °C with a TABS and an air

conditioning system.

[70] C F = Water
With a height of 5 m in a room, the radiant

floor helps to improve thermal comfort,
maintaining a temperature of 20.36 °C.

[71] C F = Water, DBP = 0.01 m,
φ = 0.01 m

With the model predictive control, there is
an energy saving of up to 17.5%, with an
operating temperature of up to 24.5 °C.

[72] C F = Water, DBP = 0.05 m,
φ = 0.01 m

With the coupling of the radiant floor + fan
coil + air source heat pump, a comfort

temperature of 24.6–26.4 °C can be
achieved indoors.

[73] H F = Water
The radiant floor heating has a better

performance when the floor temperature is
22 °C, providing an energy saving of 37.6%.

[74] H, C F = Water TABS maintained the indoor air
temperature between 21 and 26 °C.

[75] C F = Water, DBP = 0.06 m,
φ = 0.012 m

With the RFCAFC, the indoor air
temperature remained in the range of

25.4–26.6 °C.
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Table 10. Cont.

Reference Mode * TABS Features * Model Findings

[76] C F = Water
The interior temperature was maintained

between 26 °C and 27 °C with the
proposed system.

* H = heating, C = cooling, F = fluid, DBP = distance between the pipes, and φ = diameter of the pipes.

5. TABS Installed in Several Building Components

In this section are presented the TABS studied to decrease or increase the indoor
temperature of buildings when they are installed in more than one building component,
and in some cases, TABS was coupled with other technologies. Authors around the world
have analyzed different parameters and scenarios with TABS and some have evaluated the
utilization of TABS in the whole building envelope.

Indoor Temperature Behavior of Buildings with TABS Installed in Several Building Components

TABS has been analyzed to decrease or increase the temperature of indoor buildings.
These systems can be embedded in one or several building envelope components and can
be coupled with other technologies. Khan et al. [77] used a TABS embedded in the roof
and floor working in cooling mode. The authors performed simulations using MATLAB
and EnergyPlus to evaluate the thermal behavior and the energy-saving potential of TABS.
The models were calibrated and validated with experimental data. The authors proposed
two cases: one with a conventional air-cooling system and one with the proposed TABS.
The authors found that the TABS provided up to 30% of energy savings compared to
the traditional system. Leo Samuel et al. [78] studied a hybrid passive cooling system,
which consisted of a cooling tower connected to a TABS. The system was proposed for five
different climatic regions in twelve cities in India. The authors used COMSOL Multiphysics
software to perform simulations of the hybrid cooling system. They compared different
scenarios, such as floor and roof cooled TABS (RF) and all-surface cooled TABS (AS), in
terms of cooling performance for various climatic zones. They concluded that TABS (RF)
configuration in arid climates reduced the indoor air temperature up to 9.5 °C and the TABS
(AS) configuration up to 14.4 °C. In contrast, in humid tropical climates, the reductions
reached up to 4.4 °C and 6.6 °C, respectively. Later, Leo Samuel et al. [79] carried out a
study using CFD and analyzed a TABS with embedded pipes in the roof and floor. In these
pipes, they circulated water with outlet and return from a cooling tower. To validate the
model, they built a prototype of dimensions 3.46 × 3.46 × 3.15 m, with a roof and floor
thickness of 0.15 m. The authors found that the TABS maintained an indoor air temperature
between 23.5 and 28 °C.

Some parameters were varied by Leo Samuel et al. [80] to analyze the thermal behavior
of TABS. The authors numerically and experimentally analyzed the influence of three
parameters: spacing, vertical position, and the arrangement of pipes embedded in the
roof and floor. They found that by reducing the separation between pipes from 0.3 to
0.1 m and moving the pipes to the direction of the interior surface from 0.135 to 0.015 m
reduced the indoor air temperature by between 1.6 and 2.7 °C, respectively. Meanwhile,
changing the arrangement of the pipes from coil to parallel reduced the indoor air to 32.1 °C.
The authors reached such reductions with a separation of 0.1 m, and a vertical position
of 0.015 m, and a parallel arrangement of the pipes reduced the indoor air temperature
by up to 6.8 °C, reaching a comfort temperature of 29°C in semi-arid weather. In the
same year, Leo Samuel et al. [81] simulated the performance of TABS under a warm
weather scenario. The authors used COMSOL Multiphysics to analyze the influence of
the temperature and inlet velocity of water and the number of components with TABS for
cooling. The CFD model was validated using experimental data from a previous study
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of the authors. The researchers found that the parameter that had the most significant
effect on thermal comfort was the number of cooling surfaces. They showed that if all
the room surfaces are cooled, with a flow of 19 L h−1 of water, it reduced the average
indoor temperature by up to 5.7 °C. The same authors, Leo Samuel et al. [82], performed
experimental tests of a scale room with a thermally activated construction system, using
water pipes embedded in concrete in the roof, floor, and walls, with separate water flow
controls. The experimental prototype measured 3.5 × 3.5 × 3.15 m with a 15 cm-thick
reinforced concrete slab, surrounded by trees and structures that provided partial shade.
They used ½” schedule 40 PVC pipes, with a 10 cm separation between pipes. They studied
temperature, relative humidity, air speed, and water flow through the pipes. The authors
found that if only the cooling is activated on the roof, the indoor temperature remained
around 33.1 °C. However, when the cooling is activated on the walls, floor, and roof,
the temperature decreases to 29.2 °C. The authors concluded that this system, coupled with
a passive ventilation system, increases its feasibility in climates with unfavorable conditions
and works with a fluid at relatively high temperatures. To study the internal diameter
of the heat exchanger pipes, the thermal conductivity of the pipes, and the thickness of
the roof slab and floor, Leo Samuel et al. [83] analyzed the influence of those parameters
of TABS on thermal comfort. They used a model built into COMSOL Multiphysics that
was validated using experimental data obtained in the authors’ previous work. They
concluded that increasing the thermal conductivity of the pipes from 0.14 to 1.4 W m−1 K−1

considerably improves the cooling performance of the system. They found that the best
combination of features studied was an internal diameter of the pipe of 0.0017 m, a thermal
conductivity of the pipe of 0.14 W m−1 K−1 and a thickness in the roof and floor of 0.2 m.
This combination reduced the indoor operating temperature by 4.7 °C. Michalak [18] carried
out measurements and analyzed a TABS implemented in a building used as the primary
heating and cooling source. The TABS was coupled with additional heating and cooling
units such as fan coils, floor heating and air handling units (AHUs). The measurements were
carried out during four months in an office with periods of occupation. The measurements
were focused on variables such as indoor air temperature and the temperature of the floor.
The authors also calculated predicted percentage of dissatisfied (PPD) and predicted mean
vote (PMV). The average soil surface temperature was between 20.6 and 26.2 °C, while the
average vertical air temperature was from 22.5 to 23.1 °C, the PMV ranged from 0.52 to 1.50,
and less than 30% of the people expressed thermal dissatisfaction. The system analyzed
by Michalak had 1275 kWh of exchange energy for cooling and 2500 kWh for heating.
The author concluded that implementing a TABS with mechanical ventilation systems
improves the thermal comfort conditions of an office. Other authors that conducted an
experimental study of a hybrid TABS were Dharmasastha et al. [84]. They carried out
an analysis of a TABS coupled with a gypsum roof reinforced with fiberglass (TAGFRG),
where they varied the supply temperature of the water that passed through the pipes
embedded in the roof, walls, and floors. The authors found that by decreasing the supply
water temperature from 26 °C to 18 °C, the interior surface temperature of the roof can
decrease by as much as 5.8 °C. However, the authors found that cooling just the roof of
the building only lessened the effects that the outside ambient temperature had on indoor
air temperature fluctuations. On the other hand, they found that if water was recirculated
throughout the whole envelope of the test chamber, the thermal comfort increased, with a
satisfaction percentage of 90%. Montenegro and Hongn [85] carried out a parametric study
of TABS using a numerical model. The authors used experimental data from previous works
to validate the model and subsequently compared the thermal behavior of two horizontal
TABS configurations: floor and roof. The authors varied the separation between pipes (from
0.1 to 0.3 m), the volumetric flow, and the supply water temperature, as well as the distance
between the pipes and the surface in contact with the interior environment of an enclosure.
The authors concluded that the variables with the greatest influence on the thermal behavior
of the TABS design are the separation between pipes and the water supply temperature,
considered as the key parameters for increasing heat transfer between the construction
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element and the indoor environment. They proposed to reduce the separation between
the tubes and the depth where they are installed, since this maximizes the removal of heat
from the room to be cooled. The authors concluded that the potential for heat removal
from a roof with TABS is 20–30% greater than the TABS on the floor. Oravec et al. [86]
compared six radiant heating systems to make a guide that allows choosing a system
according to its application. The authors compared six heating systems with PE-Xa pipes
with different diameters, embedded in the floor, in the floor with metal fins, and in the
wall (TABS or air gap). The authors analyzed the thermal performance, necessary heating
area, thermal storage, and construction costs and the application of TABS in retrofitted
buildings. They demonstrated that the behavior of TABS depends on the location of the
tubes. The best performance was obtained by the Wall system (TABS) with a heating
flux of 96 W m−2. The authors suggest that floor heating shows an acceptable thermal
performance, controllability, and storage capacity.

Table 11 summarizes the works that analyzed the installation of TABS in different
building envelope components at the same time. In addition, TABS with an insulation
system in the roof and the influence on the thermal comfort of the occupants were studied.

Table 11. Improvements in thermal comfort when TABS are used in several building components.

Reference Weather Mode * TABS Features * Model Findings

[77] - C
F = Water, DPB = 0.10

and 0.15 m,
φ = 0.015 m

The radiant cooling systems
provided energy savings of up to

30% compared to a
traditional system.

[78]

Semi-arid, arid,
humid subtropical,

tropical wet and dry,
tropical wet

C F = Water

The TABS in the roof reduced the
operative temperature by 9.5 °C,

while the TABS in all surfaces
reduced it by 14.4 °C.

[79] Hot semi-arid C
F = Water,

DPB = 0.20 m,
φ = 0.024 m

The system maintained indoor air
temperature between 23.5 °C

and 28 °C.

[80] Hot semi-arid C
F = Water,

DPB = 0.02 m,
φ = 0.00128 m

The indoor air temperature was
reduced by 1.6 °C when the

separation between pipes was
increased; 2.7 °C by moving the

pipes to the interior surface
direction; and 32.1 °C by

changing the arrangement of the
tubes from coil to parallel.
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Table 11. Cont.

Reference Weather Mode * TABS Features * Model Findings

[81] Hot and dry summer C
F = Water,

DPB = 0.2 m,
φ = 0.013 m

The number of cooling surfaces
was the parameter that had the

most significant effect on thermal
comfort. If all the room surfaces
are cooled, the average indoor

temperature is reduced by
up to 5.7 °C.

[82] Tropical wet,
Dry climate C

F = Water,
DPB = 0.2 m,
φ = 0.016 m

When TABS cooling was activated
only on the roof, the indoor

temperature remained at 33.1 °C.
Meanwhile, when the TABS
cooling was activated on the

entire envelope, the temperature
decreased to 29.2 °C.

[83] - C

F = Water,
DPB = 0.2 m,
φ = 0.01 m,

v = 0.4 m s−1

Increasing the thermal
conductivity of the pipes

improves the system’s cooling
performance. The system can
reduced the indoor operating

temperature by 4.7 °C.

[18] - H, C F = Water

Implementing a TABS with
mechanical ventilation systems
improves the thermal comfort

conditions in an enclosure.

[84] Warm and humid C
F = Water,

DBP = 0.054 m,
φ = 0.01 and 0.015 m

The TABS reduced the indoor air
temperature by 2.1 °C when the
temperature of the cooling water
was reduced from 26 °C to 18 °C.

[85] - C F = Water,
V̇ = 8 L min−1

Heat removal in an enclosure
increases when tube spacing and

tube depth are decreased. The
potential of a roof is higher

(20–30%) compared to a floor
TABS, with the

same characteristics.

[86] - H
F = Water,

DBP = 0.8–0.30 m,
φ = 0.009–0.020 m

The thermal performance
depends on the location of the

tubes with respect to the
indoor environment.

* H = heating, C = cooling, F = fluid, DBP = distance between the pipes, φ = diameter of the pipes, v = fluid
velocity, and V̇ = volumetric flow rate.

6. Results and Discussion

The objective of this study was to review the state of the art of TABS. In this study,
the thermal behavior of TABS in roofs, walls, and floors was analyzed. TABS can be
implemented both in a building component and in the entire envelope, helping to maximize



Energies 2022, 15, 6179 24 of 31

its efficiency. In the review of the literature, it was found that the TABS can be named
differently on some occasions depending on their location in the envelope and on their mode
of operation: thermally activated building constructions, radiant cooling/heating systems,
and active building storage systems, among others. The development of this study helped
us to determine the main variables that were studied by the authors and conceptualize it
as a summary in tables. Most of the reported works analyzed the behavior of the indoor
ambient temperature in order to reach thermal comfort. Other aspects analyzed by the
authors were the effect of changing the characteristics of the fluid on the indoor ambient
temperature, the energy-saving capacity and the capacity of the cooling/heating load.
The results of the manuscripts analyzed in this work are presented below.

Regarding the improvements in thermal comfort provided by TABS when installed in
building roofs, the results are reported in terms of the reductions in indoor air temperature
(6.7 °C) [35], the range in which the indoor air temperature remains (21–28 °C) [31,33] and
the percentage of time in which the indoor temperature is the satisfaction zone (within
80–90%) [32]. On the other hand, the energy savings provided by TABS when embedded in
building roofs were reported in a few works [34,43]. It was shown that TABS can provide
energy savings between 13 and 50%.

The research on TABS embedded in building walls has shown that this technology
can provide energy savings for heating by a factor ranging between 40 and 75% [56,58,59].
Several studies developed theoretical models validated with experimental results. These
models were used to find the adequate values for pipe separation and pipe depth within
the walls [45,48,50,51], water inlet temperature for cooling or heating [45,47], and water
velocity and volumetric flow rate [47,48,50]. Modeling studies are relevant for the design of
TABS because they allow researchers to find suitable values for the parameters mentioned
above. Studies on TABS embedded in floors reveal that they are mostly made with tubes
with diameters smaller than 0.012 m. The values reported in floor TABS in terms of indoor
ambient temperature range from 21 °C to 27 °C [66,69,74,75]. The energy saving in floor
TABS can reach 17.5%.

Other studies show that when TABS are installed in more than one building envelope
component, they provide an essential contribution to the improvement in thermal comfort.
The results are reported in terms of the indoor air temperature reductions or in terms of
the interval in which the indoor air temperature remains. When the roof and floor had
embedded TABS, and were used for cooling, it was shown that the indoor air temperature
was reduced between 4.4 and 9.5 °C. When all the building envelope components (roofs,
walls, and floor) have embedded TABS and are used for cooling, the indoor air temperature
reductions range between 6.6 and 14.4 °C depending on the type of weather of the zone [78].
Other research shows that when TABS was activated in the whole envelope, it maintained
the indoor air temperature at around 29 °C. When only the roof was activated, the indoor
air temperature remained about 33 °C [82]. Some researchers showed that when TABS
are installed in the building roof and the floor, the indoor air temperature is maintained
between 23.5 and 28 °C [79].

Figure 3 classifies the research works considered in the current review according to the
results presented by each work. Four main groups were formed: (1) research works that
studied the influence of TABS on the thermal comfort conditions; (2) research works that
studied TABS for heating; (3) research works that studied TABS for cooling; and (4) research
works that studied TABS for heating and cooling. Regarding the first group, most of the
existing studies were developed for buildings with TABS embedded in floor. Few studies on
thermal comfort were developed for TABS embedded in the whole envelope. Regarding the
second group, most of the existing studies for heating were developed for TABS embedded
in walls; only few studies were developed for roofs. Regarding the third group, most of the
studies on TABS were developed for roofs and the roof–floor, and a few studies for TABS
embedded in walls. Finally, most studies were developed for TABS embedded in walls in
the fourth group, and few were developed on the roof–floor.
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The studies analyzed indicated that most TABS were developed for TABS embedded
in roofs and walls. Embedded TABS have been combined with phase change materials
(PCM) [40,57,58], with a reduction in the indoor temperature from 0.4 to 4.7 °C. TABS
are mostly applied to cooling and are embedded in roofs, with an indoor temperature
from 21 to 29.6 °C. Meanwhile, TABS embedded in walls are developed for heating and
cooling/heating depending on the outdoor environment.

Figure 3. Studies developed for TABS in different building components.

From the analysis of the available literature, it is possible to identify alternatives that
can contribute to thermal comfort in buildings. TABS is one of these alternatives that
offers many benefits, but it has some limitations. Among the benefits that the authors
report is the integration of TABS with systems that use renewable energy in the heating
mode, and the recirculation of the working fluid of TABS for the needs of the users of
the same building. Its energy storage capacity has been reported as a benefit, which can
be increased by integrating a layer of PCM [20,26,57]. As part of the limitations of the
TABS are the control strategies, because when there are several sections, it is necessary to
activate them independently. According to some authors, it was found that appropriate
control and operation strategies are required to reduce energy waste when changing the
mode from cooling to heating (or vice versa) [32]. Furthermore, it has been reported
that TABS cannot remove latent heat loads, which occur when the temperature of the
building’s interior environment drops below the dew point. This causes condensation
to occur inside the building, which affects its hygrothermal behavior. To contribute to
this, some authors propose the integration of systems with the ability to dehumidify the
interior environment of the building and prevent the accumulation of condensate, especially
in places with a humid climate [35]. On the other hand, another reported limitation of
TABS is the complexity and costs of its implementation compared with the use of [20] air
conditioning systems.

7. Conclusions

This study presents a review of the state of the art of TABS, where its different configu-
rations and its implementation in the different building components (roof, wall, and floor)
or the whole envelope were analyzed. Furthermore, their coupling with other systems was
analyzed. Relevant results from the literature related to the thermal behavior and the critical
parameters of these systems were discussed. TABS are becoming an attractive branch of re-
search for those that analyze measures for improving the indoor environment of buildings.
Several gaps were identified in the literature, and the following can be concluded:

• TABS have not been analyzed from a structural mechanics point of view. From the
knowledge of the authors, there are not yet studies that have considered the effect of
the embedded pipes on the mechanical behavior of building components such as roofs
and walls. This fact is crucial in roofs because of its role in a building; researchers
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should find the maximum diameter of the pipes and the optimal separation between
them that does not affect the structural behavior of the roof.

• The thermal behavior of building components with TABS depends on many param-
eters; some of these parameters are: (a) type of building component, (b) orientation
of the building wall; (b) type of arrangement of the pipes; (c) separation between the
pipes or pipe spacing; (d) diameter of the pipes; (e) material of the pipes; (f) thermo-
physical properties of the fluid that circulates within the pipes; and (g) volumetric or
mass flow rate of the fluid. Thus, optimization methods such as genetic algorithms or
other artificial intelligence techniques should be used to find the optimum value for
the parameters involved in a good design of TABS embedded in building components.

• Regarding the type of arrangement of the pipes, TABS in series or in a serpentine-type
arrangement have been extensively studied. However, other types of pipe arrange-
ment, such as parallel, mixed or even tree-shaped, should be explored to find the best
arrangement that benefits the thermal performance of TABS for each application.

• The effect of fins on the thermal performance of TABS embedded in building compo-
nents needs further development. Few studies have analyzed this measure when TABS
are installed on building floors; the results show that the system with fins improves
the thermal storage capacity compared with the traditional system.

• A building component with embedded TABS designed for heating is expected to
have a material in the exterior layer with a high solar absorptance. On the contrary,
a component with embedded TABS designed for cooling is expected to have a material
in the exterior layer with a low solar absorptance. However, when the building
component performs both heating and cooling, a layer with a suitable value of solar
absorptance should be selected. Future studies on finding the optimal value of solar
absorptance should be performed to improve the efficiency of TABS.

• The coupling of TABS with other systems that contribute to improve the thermal
behavior of a building, such as green roofs and walls, and ventilated roofs and walls,
has not been explored. These passive techniques could help to improve the thermal
behavior of TABS.

In accordance with that mentioned above, it can be said that TABS are systems with
limitations and opportunities. Within the main limitations are the costs of installation and
implementation. However, any new development that changes the paradigm of how it
is built in the traditional way has implications that are reflected in the cost of installation,
operation, and maintenance. However, the opportunities offered by TABS, according to
the studies analyzed, can be said to far outweigh the limitations. This is due to the fact
that TABS present the versatility to adapt to different constructions, climates, and types of
materials, among others. Therefore, based on what was analyzed in this study, it can be
said that TABS contribute to lowering the temperature inside a building, which is reflected
in the reduction of up to 50% in energy consumption due to the use of of air conditioning
systems. Therefore, the trend of the use of TABS is expected to increase as a strategy to
contribute to the reduction in thermal loads in buildings. However, experimental studies
are required under real conditions of use and structural criteria must be taken into account
in order to implement TABS as a strategy that not only offers benefits from a thermal point
of view, but also offers safety for building occupants.
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Nomenclature
C Cooling
CO2 Carbon dioxide
DPB Distance between pipes (m)
F Fluid
H Heating
ṁ Mass flow rate (kg s−1)
V̇ Volumetric flow rate (L h−1)
v Fluid velocity (m s−1)
Abbreviations
AHUs Air handling units
AS All-surface cooled TABS
Bio-PCM Bio-based phase change material
CFD Computational fluid dynamics
CLPHP Closed-loop pulsating heat pipe
FD Finite difference
FDFD Frequency-domain finite difference
FEA Finite element analysis
FVM Finite volume method
GSHP Ground source heat pump
HVAC Heating, ventilation and air conditioning
IPCC Intergovernmental Panel on Climate Change
MPC Model predictive control
NTU Numbers of transfer units method
PAC Air conditioning system package
PCM Phase change material
PE-RT Polyethylene of raised temperature
PE-Xa Cross-linked polyethylene
PMV Predicted mean vote
PPD Predicted percentage of dissatisfied
ppm Parts per million
PPW Parallel pipe-embedded wall
RC Resistance–capacitance method
RF Floor and roof cooled TABS
RFC Radiant floor cooling
RFCAFC Radiant floor and fan coil cooling
RFCUV Radiant floor cooling with underfloor ventilation system
RFHS Radiant floor heating system
SPW Serial pipe-embedded wall
TABS Thermally activated building system
TAGFRG Gypsum roof reinforced with fiberglass
TAPCW Thermo-activated PCM composite wall
TAW Thermally activated wall system
TPTL Two-phase thermosyphon loop
VRSP Ventilated roof model with embedded pipes and a stabilized

layer of PCM
WIPH Wall implanted with heat pipes
XPAP Aluminum–plastic pipe
Greek Symbols
φ Diameter of the pipes (m)
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