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a b s t r a c t

Radiant floor systems enhanced with Phase Change Materials (PCMs) could achieve significant energy
savings while improving the thermal comfort of occupants in lightweight buildings. Effective integration
of PCMs typically requires customised solutions based on a comprehensive analysis due to their complex
nature. The objective of the present study is the experimental and numerical investigation of a hydronic
radiant floor heating system integrated with macroencapsulated PCM. Experimental tests were carried
out on a laboratory-scale by the University of Ferrara, Italy, within the H2020 European project IDEAS. A
2D model was then implemented in COMSOL Multiphysics and calibrated in steady as well as in transient
state according to the experimental tests. The behaviour of the system, including temperature distri-
bution and heat flux, were analysed under different conditions. The impact of using dry and wet sand, as
well as the effect of the position of PCM e above or under heating pipes e on thermal performance, were
investigated. Results showed that the use of high thermal conduction in mortar increases much faster the
overall performance of the PCM integrated underfloor heating system. Furthermore, the coupling
technology with PCM containers installed under piping significantly enhances the positive effect of wet
sand.

© 2021 Published by Elsevier Ltd.
1. Introduction

Despite space heating energy consumption in the service sector
is decreasing rapidly with the improvement of the energy perfor-
mance of buildingse accounting for 46% of total energy use against
63% in 1990 e it still represents a considerable share of household
energy consumption, equal to about 67%, as well as a substantial
fraction of greenhouse gas emissions [1]. For this reason, new
design strategies for radiant heating floor systems are being widely
investigated.

Underfloor heating systems use lower temperature sources in
comparison with conventional systems. Furthermore, by directly
heating the floor surface they ensure a uniform temperature dis-
tribution which improves indoor thermal comfort. This technology
is also suitable for the majority of generators, in particular, heat
pumps and boilers, and can be operated with various sources of
renewable energy. Nevertheless, significant energy performance
and optimal thermal comfort may not be achievedwhen underfloor
heating is adopted in lightweight buildings. Indeed, despite being
widely employed for economic reasons, these types of envelope are
characterised by a low thermal capacity.

Radiant floor systems integrated with Phase Change Materials
(PCMs) allow obtaining significant energy savings while improving
indoor thermal comfort in lightweight buildings [2,3]. PCMs can
store or release a large quantity of thermal energy by using latent
heat during the phase change process as a kind of thermal storage
material in building applications. Therefore, the use of PCMs is an
efficient way to increase the thermal inertia of building envelopes,
thus reducing temperature fluctuations and leading to the
improved thermal comfort of occupants [4].

A growing body of literature investigated water-based radiant
floor heating systems integrated with PCMs in dry and wet con-
struction [5e13]. However, PCM-related theoretical and validation
research is still in its early stages. More in detail, there is a lack of
worthy studies that experimentally investigated the energy per-
formance of macroencapsulated PCM enhanced by sand in hy-
dronic radiant floors. In Barrio et al. [14], sand was considered as
sensible heat storage material instead of concrete for comparison
with PCM, but its role combined with PCMwas not examined. Zhou
and He [15] compared the thermal performance of polyethylene
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(PE) pipes and macroencapsulated inorganic PCM (melting point
29 �C) with capillary mat and sand. The former floor structure
consisted of a 16 mm thick wood board as finishing, 6 mm PCM
layer (sand in the latter floor configuration), heating pipes (capil-
lary mat in the latter floor configuration), 50 mm thick polystyrene
and 120 mm thick reinforced concrete. However, similarly to in
Barrio et al. [14], sand was considered only as a thermal mass layer
to be compared to PCM. Baek and Kim [16] carried out a numerical
analysis of a water-based radiant floor integrated with PCM in
containers placed under heating pipes. The system was composed
as follows: 40 mm finishing mortar with pipes installed on the
bottom, 15 mm PCM within two layers of 10 mm mortar, 20 mm
insulation, and 210 mm concrete slab. PCM was encapsulated
within a very thin aluminium film and was characterised by a
melting point of 44 �C. It was found that assuming a supply water
temperature of 40 �C, the average floor surface temperature was
30 �C. It should be noted that 29 �C is the maximum value of floor
surface temperature allowed by regulation in typically occupied
areas with a heating setpoint temperature of 20 �C [17]. Park and
Kim [18] tested the thermal performance of a n-paraffin PCMwith a
melting point of 42 �C in thin-film aluminium packaging. The floor
structure was the same as in Ref. [16] except for PCM, which was
10 mm thick and was comprised between two layers of 15 mm
mortar. Considering a supply water temperature of 55 �C, it was
observed that the average floor surface temperature reached 32 �C
during operation e therefore decisively higher than the regulatory
limit e and it was still nearly 30 �C after 12 h since the shutdown of
the system, with an indoor air temperature of about 29 �C. Lu et al.
[19] carried out experimental tests on a double pipe PCM floor
heating system. The floor consisted of the following layers: 40 mm
dry hard cement mortar and floor tile, 200 mm cement mortar as
filling layer with PCM integrated pipes installed on the bottom,
50 mm insulation, 50 mm cement board. A paraffin PCM with a
melting point of 36 �C, a supply water temperature of 50 �C, and
pipe diameter of 32 mm were considered in the test. Results
showed that the floor surface temperature ranged from 22 to 29 �C,
heat flux through floor surface varied from 16 to 67 W/m2. In the
following study [20] the same floor structure and conditions were
assumed to conduct a numerical analysis and optimisation of PCM
encapsulated by PE casing pipes. Optimal parameters to achieve
indoor thermal comfort were found to be pipe pitch of 28 cm and
thickness of PCM equal to 2 cm. Plytaria et al. [21] compared the
thermal performance of PCM installed under and above heating
pipes in an underfloor solar-assisted heating system. For PCM-
under-pipes scenario, the floor was composed of 10 mm finishing
mortar, 60 mm concrete with pipes installed inside, 14 mm PCM
layer, 50 mm insulation, and 200 mm concrete slab. In the second
scenario the PCM layer was set between finishing mortar and
60 mm concrete with pipes. A PCM melting point of 29 �C and
supply water temperature of 40 �C were considered. The pitch and
diameter of pipes were 10 cm and 2 cm respectively. The heating
setpoint temperature was 22 �C. Findings showed that the PCM
layer under water pipes allowed to have the best room temperature
fluctuation and ensured indoor thermal comfort with lower energy
consumption.

The review of the existing studies presented above underlines
that successful integration of PCMs typically requires customised
solutions based on a comprehensive analysis both numerical and
experimental due to their complex nature [22,23].

Against this background, the H2020 European project IDEAS e

Novel building Integration Designs for increased Efficiencies in
Advanced Climatically Tunable Renewable Energy Systemse [24] is
focused on the development of a novel low-cost building integrated
RES which will cost-effectively exceed current RES efficiencies,
generating electricity, heat, and cooling and that will be optimised
2

in different climatic conditions. More in detail, the work package
n.3 (WP3 leader: UNIFE - University of Ferrara, Italy) aims to design
a multi-source heat pump (HP) system able to balance the non-
synchronous energy matching between renewable energies (sun,
ground, air) and energy demands for space heating and cooling by
means of innovative devices enhanced with PCMs.

The integration of PCMs in a radiant floor system as a technology
for space heating and cooling was investigated by UNIFE through
numerical and experimental investigation. The most suitable so-
lution was then installed in a first prototype at a small-scale in an
existing experimental building in Ferrara.

The aim of this study is the numerical and experimental analysis
of a hydronic radiant floor heating system enhanced with hydrated
salts as PCM. The behaviour of the radiant floor system enhanced
with suitable PCM e including temperature distribution and heat
flux e were examined in order to check the benefits of PCMs when
off the heating system. The impact of using dry and wet sand, as
well as the effect of the position of PCM e above or under heating
pipes e on thermal performance, were investigated.

2. PCM selection for the radiant floor

The WP3 aims to integrate HP technology for space heating and
cooling via an Intra-day/season Thermal Energy Storage (ITES) and
a Multi-source/sink Energy Sub-system (MES). MES was designed
according to the functionality of an invertible heat pump able to
exploit different thermal sources/sinks: sun, air (outdoor and waste
heat), and ground. ITES represents the thermal buffer to equilibrate
different and non-synchronous thermal energy requirements. At
seasonal and building footprint, the ITES functionality can be sup-
plied by means of horizontal ground heat exchangers coupled with
PCMs. At building and daily scale, the function can be provided by
an underfloor heating/cooling system and by a novel PV/T solution,
all enhanced with suitable PCMs.

A small-scale prototype of the IDEAS plant was installed in
TekneHub laboratory of UNIFE, involving the selection of proper
PCMs for each component, as well as of the coupling technology.
The layout of the small-scale plant installed is illustrated in Fig. 1.

In order to identify the most suitable PCMs to enhance the en-
ergy performance of a hydronic radiant floor several evaluations,
experimental and numerical analysis were carried out. The issue
was initially faced with the assessment of the energy needs of the
mock-up building, experimentally and by means of the relevant
regulation.

2.1. Heating energy needs of the mock-up

Energy needs for space heating of the mock-up (Fig. 2) were
assessed based on monitoring data collected by thermal meters
installed at the fan coils inlets/outlets. One typical day of the
heating period, from January 10th, 2020 at 9:49 a.m. to January
11th, 2020 at 9:48 a.m. was considered, with volumetric airflow of
fan coils equal to 140 m3/h. As regards outdoor and indoor envi-
ronmental conditions, outdoor air temperatures were acquired by
the weather station installed outside the mock-up in Ferrara, while
indoor heating set point temperature was set equal to 20 �C.

A first elaboration of the main measurement data is reported in
Table 1. Graphical data of the thermal monitoring of the mock-up is
shown in Fig. 3. Here, values of outdoor air temperature (orange
line), instantaneous power of the fan coils (red line) and the related
thermal energy required to meet the mock-up heating energy de-
mand (blue line) are reported for the 24-h period examined.
Throughout the monitoring, instantaneous power of the fan coils
did not exceed 3 kW, except for a single peak at around 22:00;
average instantaneous power resulted to be equal to 0.497 kW. The



Fig. 1. Layout of the small-scale plant installed.

Fig. 2. Mock-up.

Table 1
Thermal monitoring of the mock-up (from Jan. 10 (9:49 a.m.) to Jan. 11 (9:48 a.m.),
2020): summary of the results.

Parameter Value Unit

Time ON 11.4 hours
Daily energy for heating (20 �C) 11.92 kWh
Daily average power when ON 1.043 kW
Daily average power 0.497 kW
Average flow rate when ON 307.4 l/h
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total thermal energy needed to provide space heating andmaintain
a setpoint temperature of 20 �C during the 24-h period monitored
was equal to 11.92 kWh.

Considering a conditioned floor area of the room (where the
radiant floor was installed) of 13 m2, and a conditioned volume of
31.2 m3 (internal height of 2.4 m), the values outlined in Table 1
allowed to identify average energy needs, as reported in Table 2.
3

Furthermore, based on the time series presented in Fig. 3, the
charts reported below were obtained (Figs. 4 and 5). The former
illustrates the relation between the operating minutes of the fan
coil and outdoor air temperature, always considering a heating
setpoint temperature of 20 �C. In the latter, the daily average
thermal power of the fan coil is analysed in relation to the differ-
ence between the heating setpoint temperature and outdoor air
temperature.

The energy performance analysis of the building envelope
allowed to evaluate the energy demand of the mock-up in steady-
state as:

Uwall ¼
1

1
20 þ 0:12

0:06 þ 1
10

¼ 0:465
W

ðm2KÞ (1)



Fig. 3. Thermal monitoring of the mock-up, from Jan. 10 (9:49 a.m.) to Jan. 11 (9:48
a.m.), 2020.

Table 2
Average power and energy needs of the mock-up.

Parameter Value Unit

Daily average power per unit volume 15.9 W/m3

Daily average power per unit area 38.2 W/m2

Average power when ON per unit volume 33.5 W/m3

Average power when ON per unit area 80.2 W/m2

Daily average energy demand per unit volume 0.382 kWh/m3

Daily average energy demand per unit area 0.917 kWh/m2

Fig. 4. Fan coil operating minutes vs. air temperature.

Fig. 5. Daily average thermal power of the fan coil vs. difference between indoor
(20 �C) and outdoor air temperature.
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Uroof ¼
1

1
10 þ 0:07

0:6 þ 0:03
0:1 þ 1

10

¼ 1:62
W

ðm2KÞ (2)

_Q ¼
X

AiUi,DT (3)

X
AiUi ¼ 56:8

W
K

(4)

Therefore, the rough factor of 57 W/K was assumed as the
heating energy demand of the mock-up per unit degree of differ-
ence between the heating setpoint temperature and the outdoor air
temperature. For the sake of completeness, values for surface and
4

thermal transmittance of the components of the building envelope
are reported in Table 3.

Fig. 6 represents the time series of outdoor air temperature
during winter 2018e2019 (heating season defined by regulation is
from October 15th to April 15th) collected at the TekneHub labo-
ratory, in relation to the heating energy needs per unit conditioned
floor area of the mock-up. Heating energy demand was para-
metrically assessed by multiplying the rough factor of 57 W/K by
the difference between the heating set point temperature and the
outdoor air temperature. The analysis of the chart underlines that
specific heating energy demand was rarely greater than 60 W/m2.

The cumulative frequency of the heat flux per unit conditioned
floor area is showed in Fig. 7. Here, energy demand is approx-
imatively met with a heat flux of 30 W/m2 for 50% of the heating
period.

Considered that the first function of the PCM integrated into the
radiant floor is to provide heating when the control unit makes the
heat pump turns off, the value of heat fluxmentioned before (30W/
m2) was assumed as the reference value for the selection of the
PCM melting point. Indeed, heat flux values higher than 30 W/m2

are related to higher temperatures of the working fluid as well as to
higher PCM melting points. This would be decisively excessive and
not adjustable when the mock-up is characterised by lower energy
needs.

2.2. Radiant floor design according to standard regulation

The heat flow between heating pipes and the environment for
the radiant floor structure as depicted in Fig. 8 is calculated ac-
cording to the European Standard EN ISO 11855-2:2012. Building
environment design - Design, dimensioning, installation, and control
of embedded radiant heating and cooling systems - Part 2: Determi-
nation of the design heating and cooling capacity [25] with the
following equation:

q ¼ B,
Y
i

�
ami
i

�
,DqH (5)

where B is a coefficient that depends on the system;
Q
i
ðami

i Þ is the

product that connects the parameters of the structure; DqH is the
logarithmic mean temperature difference between the fluid and
the environment.



Table 3
Building physics.

Parameter Value Unit

Wall surface (4 � 4.7 � 2.4) 45.1 m2

Roof surface (4.7 � 4.7) 22.1 m2

Floor surface (4.7 � 4.7) 22.1 m2

Wall thickness 0.12 m
Wall thermal conductivity 0.06 W/(mK)
Deck thickness at the roof 0.03 m
Deck thermal conductivity 0.1 W/(mK)
Gravel layer thickness on the roof 0.07 m
Gravel layer thermal conductivity 0.6 W/(mK)
Inner convective heat transfer coefficient for wall 10 W/(m2K)
Outer convective heat transfer coefficient for wall 20 W/(m2K)
Upper convective heat transfer coefficient for roof 10 W/(m2K)
Lower convective heat transfer coefficient for roof 10 W/(m2K)

Fig. 6. Time series of air temperature and corresponding heat flux for heating mode in
winter 2018e2019.

Fig. 7. Cumulative frequency of heat flux in heating mode. Radiant floor design ac-
cording to standard regulation.

Fig. 8. Radiant floor structure: 1) floor finishing, 2) mortar, 3) thermal insulation, 4)
concrete slab [25].
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In particular, B is equal to 6.7 W/(m2K) if the thermal conduc-
tivity of the pipe is lR ¼ 0.35 W/(mK), and the thickness of the pipe
is sR ¼ 0.002 m.

The logarithmic mean temperature is calculated as:

DqH ¼ qV � qR

ln qV�qi
qR�qi

(6)

where qV and qR are the inlet and outlet temperature of the heat
transfer fluid respectively; qi is the setpoint temperature of the
room.

Finally, the product is calculated with the following equation:

Y
i

�
ami
i

�
¼ aB,a

mW
W ,amU

U ,amD
D (7)

where aB is the surface coating factor, which is evaluated as:

aB ¼
1
a þ su;0

lu;0
1
a þ su;0

lE
þ Rl;B

(8)

where:

a ¼ 10.8 W/(m2K);
lu;0 ¼ 1.0 W/(mK);
su;0: thickness above the pipe, equal to 0.045 m;
Rl;B: thermal resistance of the floor finishing, it must not exceed
the value of 0.15 (m2K)/W. For example, ceramic tiles are char-
acterised by Rl;B ¼ 0.012 (m2K)/W;
lE: thermal conductivity of the mortar, equal to 1.2 W/(mK);



Table 4
Design temperatures.

Winter Summer Unit

qV 35 15 �C
qR 32 20 �C
qi 20 26 �C
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aW : piping pitch factor, aW ¼ f ðRl;BÞ, to know the progress of
the function, refer to table A1 of the EN ISO 11855 standard;
aU: coating factor, aU ¼ f ðW ;Rl;BÞ, to know the progress of the
function, refer to table A2 of the EN ISO 11855 standard;
aD: external diameter of the pipe factor, aD ¼ f ðW ;Rl;BÞ, to know
the progress of the function, refer to table A3 of the EN ISO 11855
standard;
W: piping pitch;
D: outside diameter of the pipe;
mW : 1 - W/0.075;
mU: 100$(0.045 - su), with su thickness above the pipe;
mD: 250$(D-0.020).

In order to calculate the progress functions necessary to eval-
uate the parameters aW , aU , aD, intermediate values, extrapolated
from the tables A1, A.2, A.3 of the EN ISO 11855 standard, must be
interpolated using a natural cubic spline function.

Design temperatures are presented in Table 4, while heat flow
results in relation to the logarithmic mean temperature DqH are
reported in Table 5.

The results of this simplified calculation showed that a heat flux
equal to almost 70 W/m2 was required to maintain a setpoint
temperature of the room of 20 �C during the winter season. During
the cooling period, instead, when the room setpoint temperature
was 26 �C, a heat flux of 10 W/m2 was necessary.

As already mentioned in section 2, the selection of suitable PCM
was conducted also based on an accurate numerical analysis, which
produced results characterised by higher values than those ob-
tained analytically. This discrepancy is since the calculationmethod
used by COMSOL is certainly more accurate than the method used
by the standard EN ISO 11855, which proposes a simplified calcu-
lation procedure that is precautionary too.
2.3. Remarks

A large number of simulations of the behaviour of the radiant
floor system integrated with hydrated salt as PCM were carried out
by considering different melting temperatures, to identify the most
effective ones for the heating and the cooling season.

Results showed that the selection of a PCM with a melting point
of 27 �C for heating purposes was better and justified as it allowed
to meet heating energy needs of the mock-up building and, by
adopting a supply water temperature of 35 �C, it allowed to obtain
the best thermal efficiency. The same value of water temperature
was found to achieve the most significant energy savings in
Mohammadzadeh and Kavgic [2]. Moreover, by considering a
temperature of 35 �C for water, floor surface temperature was
nearly 29 �C, which is the maximum value allowed by regulation in
typically occupied areas with a setpoint temperature of 20 �C [17].
Table 5
Heat flow results in relation to DqH .

Winter Summer Unit

DqH 13.4 35.0 �C
q 68.6 �9.6 W/m2
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For cooling purposes, it was found that a suitable and reasonable
choice was a PCM with a melting temperature of 21 �C, as already
demonstrated by other studies in literature [26e28]). Indeed, a
PCM melting point centred around the human comfort tempera-
ture contributes to preventing the surface condensation problems
that often occur when standard radiant floors are used for cooling
[29e31].

More in detail, PCMs S27 and S21 provided by PCM Products Ltd.
[32], partner of IDEAS European project, were selected. As for the
coupling technology with the radiant floor system, PCMs were
encapsulated in thin high-density polyethylene (HDPE) containers
so called ThinICE provided by the same company.

3. Methods

The behaviour of the radiant floor system enhanced with
selected S27 as PCMwas examined in order to check the benefits of
PCMs. The impact of using wet and dry sand on the thermal per-
formance of the system, along with the effect of PCM containers
position (above and under the piping) were investigated. Experi-
mental tests were carried out in a laboratory scale in TekneHub
laboratory of the University of Ferrara (UNIFE), Italy.

3.1. Experimental tests

3.1.1. Experimental setup
The radiant floor system realised in the experimental tests and

then implemented in COMSOL Multiphysics consists of a few
different layers as illustrated in Figs. 9 and 10: thinwooden layer as
floor finishing, dry/wet sand as filling material, PCM layer, dry sand
and two layers of Expanded Polystyrene insulation (EPS).

As already mentioned in section 2.3, PCM was encapsulated in
thin HDPE containers installed under/above heating pipes. Low-
density polyethylene (LDPE) pipes (thermal conductivity 0.35 W/
mK) with external diameter of 16 mm and wall thickness 2 mm
were placed in sand layer with a distance of 80 mm. The adopted
configuration for radiant floor is not standard but was defined
based on the next experimental installation in the small-scale
prototype in which thickness constraints were imposed; more-
over, the use of sand as plenum was proposed to have the chance
for maintenance and replacement of PCM containers.

Thermal properties of each layer composing the radiant floor are
outlined in Table 6. Thermal properties of the selected PCM are
reported in Table 7.

As showed in Fig. 11, the radiant floor tests were realised into an
OSB wooden container characterised by a 14 mm thickness.
Working fluid (water) was provided employing Thermo Fisher
Scientific ARCTIC A25 AC200 refrigerated bath circulator [37], with
a supply temperature of 35/40 �C.

3.1.2. Measurement system
As depicted in Figs. 9 and 10, two heat flux meters [38] were

installed below the floor finishing (HFM1) and above the insulation
layer (HFM2) in order to measure heat flux. Using the known
thermal characteristics of the heat flow plate and the thermo-
electrically measured temperature gradient inside the heat flow
plate the ALMEMO measuring system could thus measure the heat
flow density in [W/m2]. For temperature measurement, T-type
thermocouples [39] with ALMEMO connectors [40] were posi-
tioned at the following interfaces, as illustrated in Figs. 9 and 10:

� air-floor finishing (T1);
� floor finishing-dry/wet sand (T2);
� dry/wet sand-PCM container (T3);
� PCM container-dry sand (T4);



Fig. 9. Radiant floor configuration 1 (layer thickness expressed in mm) and sensors location.

Fig. 10. Radiant floor configuration 2 (layer thickness expressed in mm) and sensors
location.
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� dry sand-insulation layer (T5).

Furthermore, two T-type thermocouples with ALMEMO
connector were installed at the inlet and outlet of hot water loop to
measure supply and outlet water temperature, and another one
was employed for monitoring indoor air temperature. Data were
acquired by ALMEMO 5690-2 M data logger [41]. Technical data of
the heat flux meters and the thermocouples with ALMEMO con-
nectors are reported in Tables 8 and 9. Uncertainties of used T-type
thermocouples are reported in Table 10. The estimated uncertainty
of used heat flux plates is equal ±1.3 W/m2 for dry sand conditions
and ±1.6 W/m2 for wet sand conditions.
Table 6
Floor structure materials and their thermophysical properties.

Material Density kg/m3

1. Wooden finish [33] 750
2. Dry/wet sand [34] 1600/1900
3. PCM [35] 1530
4. Dry sand 1600
5. EPS insulation [36] 30

Table 7
Thermal properties of the selected PCM S27 [35].

Melting temperature �C Temperature range of transition �C Density kg/m3

27 26e31 1530

7

3.1.3. Test procedure
Experimental tests were conducted for two different conditions

of the sand layer between floor finishing and PCM containers, dry
and wet sand, to investigate the behaviour of the system imple-
mented with low and high thermal conductivity respectively.
Moreover, the impact of PCM container position was analysed e

above (configuration 1) or under (configuration 2) the pipes. Two
supply water temperatures were assumed, for a total of five
different scenarios examined, as outlined in Table 11. Each experi-
mental test was conducted for about six days. A slowly blowing fan
was placed 2 m far from the setup in wet condition; a nylon sheet
between sand and floor finishing and another one above insulation
were used to avoid evaporation.

During the first days of experiment the systemwas continuously
on to achieve steady state conditions, then it was turned off and its
energy performance was analysed for the following days. The tests
were carried out into a room where space heating was provided
with fan coils maintaining an indoor air temperature of about
20e21 �C.

3.2. Numerical modelling

A 2D model of the radiant floor setup was implemented in the
commercial finite element method (FEM) code COMSOL Multi-
physics® 5.5 [42]. The model was calibrated in steady as well as in
transient state according to the experimental tests and then it was
used to analyse different configurations and thermal properties. A
view of the geometry of the model is illustrated in Fig. 12.

To minimize the numerical errors and to expedite the compu-
tation, the size of the finite elements was chosen to be fine for the
Specific heat J/(kgK) Thermal conductivity W/(mK)

2300 0.400
900/1900 0.800/2.200
2200 0.540
900 0.800
1450 0.034

Specific heat J/(kgK) Latent heat kJ/(kg) Thermal conductivity W/(mK)

2200 185 0.54



Fig. 11. Top view of the setup.

Table 9
Technical data of the T-type thermocouples [39].

Variant with thermal material Measurement Range �C Accuracy �C

CueCuNi (T) �200 to þ350 0.5

Table 10
Uncertainties of used T-type thermocouples.

Thermocouple Value oC

T1 ±0.170
T2 ±0.180
T3 ±0.191
T4 ±0.189
T5 ±0.187
T (inlet) ±0.188
T (outlet) ±0.189

Table 11
Scenarios investigated in experimental tests.

Radiant floor configuration Sand condition Supply water temperature �C

1 dry 35
1 wet 40
1 wet 35
2 dry 35
2 wet 35

PIPES PCM CONTAINER

Fig. 12. Sketch of the model domain implemented in COMSOL e configuration 2.
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area close to the PCM containers and coarse for the area far from it.
The full mesh is showed in Fig. 13 and it is limited to 21,949 ele-
ments to reduce the computational time. A number of 10,024 ele-
ments are reserved for the PCM layer with 2 mm maximum
element size. To check the mesh independence of the solutions, the
same problem in steady state case was solved with a mesh
increased tomore than 45,000 elements, and it was found there is a
negligible change in the numerical solution.

Thermal properties and thickness of the radiant floor layers set
in COMSOL are outlined in Tables 6 and 7

To control and drive the thermo-physical properties of PCM
during the phase change the functions Hi(T) and Di(T) were intro-
duced, based on [43]. The PCM problem was numerically
approached as simply porous media, which was composed by the
two phases of the same material (solid, liquid). The specific heat
capacity cp was defined to consider the latent heat of fusion hSL

using a normalised Dirac’s pulse D(T) [K�1]. Moreover, the phase
change between the liquid phase (L) and the solid one (S) was
expressed in Ref. [44] as a function of a dimensionless variable H(T)
which is the volumetric fraction of the liquid phase in a PCM,
ranging between 0 and 1 concerning the temperature and changing
around the melting point (Tm±DT). These functions were intro-
duced to moderate the switching between solid (H(Tm-DT)¼ 0) and
liquid phase (H(TmþDT) ¼ 1) [45]. Thermal properties of the PCM
during the phase change process were calculated on the basis of the
equations reported in Ref. [45]. The Hi(T) and Di(T) functions for
PCM are depicted in Fig. 14.

As an initial condition, a constant temperature of 17 �C was
assumed. Indoor air temperature of the roomwas considered equal
to 20 �C both in steady state and in transient mode. On the outer
surface of wooden floor finish and surface of the radiant floor a
convection heat transfer as boundary condition was assumed. A
value of heat transfer coefficient of 10 or 15 W/(m2K) was consid-
ered on the surface of the radiant floor, due to operation of the fan
in the room. A value of heat transfer coefficient of 10 W/(m2K) was
Table 8
Technical data of the heat flow plates [38].

Dimensions mm Meander Size mm Substrate

120 � 120 � 1.5 90 � 90 epoxy resin

8

considered when a slowly blowing fan was turned off and a value
equal to 15 W/(m2K) was used when the fan was turned on.
4. Results and discussion

4.1. Experimental tests e configuration 1

4.1.1. Dry sand condition
Time series of temperatures and heat fluxes for the dry sand

condition are illustrated in Fig. 15. During the first part of the test,
Temperature Stability �C Accuracy of calibration value

�40 … þ80 5% at 23 �C



Fig. 13. Sketch of the mesh: whole domain (a) and focus (b) e configuration 2.

Fig. 14. Hi and Di functions defining the phase change of the PCM.

Fig. 15. Temporal changes in temperature and heat flux in dry sand condition, 35 �C
supply water temperature (configuration 1).

Fig. 16. Temporal changes in temperature and heat flux in wet sand condition, 35 �C
supply water temperature (configuration 1).

Fig. 17. Temporal changes in temperature and heat flux in wet sand condition, 40 �C
supply water temperature (configuration 1).
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different conditions were evaluated (flow rate, supply water tem-
perature, etc.) to understand the sensibility of the system. By
adopting a supply water temperature of 35 �C, once steady state
conditions were achieved, heat flux trough the floor surface was
around 25 W/m2 and floor surface temperature was about 26 �C on
average.

After the systemwas turned off, temperatures dropped down in
10 h once the phase change occurred in the containers. During the
9

solidification of the hydrated salt (24 h), heat flux through the floor
finishing surface was stable around 14 W/m2 while the tempera-
ture of the floor surface was nearly 24 �C, and 27 �C at the top of the
containers, on average. The significant amount of time required for
the solidification process was mainly related to the absence of the
fan.

According to Fig. 7, which outlines the cumulative frequency of
heat flux in heating mode, the heat flux occurring due to the phase



Fig. 19. Temperature distribution and heat flux in dry sand condition, 35 �C supply
water temperature (configuration 2).

Fig. 20. Temperature distribution and heat flux in wet sand condition, 35 �C supply
water temperature (configuration 2).
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change of the PCMwould be able to cover heating energy needs for
20% of the cases, and of course for 24 h each time.

4.1.2. Wet sand condition
Time series of temperatures and heat fluxes for the wet sand

condition are outlined in Figs. 16 and 17, which illustrate the sce-
nario with a supply water temperature of 35 �C and 40 �C respec-
tively. The lowest temperature was chosen for the comparisonwith
the previous dry case, whilst the highest one was considered in
order to achieve higher heat fluxes (for colder climates) and to
checkwhether 35 �Cwas a thermal condition suitable to liquefy the
whole PCM.

Compared to the scenario with dry sand and 35 �C supply water
temperature, wet sand condition and fan operating allow to ach-
ieve a heat flux of about 40 W/m2 in steady state, which is 60%
higher than that in dry conditions. Once stopped the flow rate,
temperatures dropped down in 6 h after the phase change occurred
into the PCM containers; the shorter span should be mainly due to
forced convection of the fan operating. During the solidification
process of the hydrated salt (18 h) heat flux through the surface of
the floor finishing was roughly stable around 28W/m2, whilst floor
surface temperature was nearly 23 �C and almost 30 �C in PCM
containers, on average.

As for the scenario with a supply water temperature of 40 �C,
floor surface heat flux reached a value of 55W/m2 and floor surface
temperature was almost 28 �C, very close to the threshold of 29 �C
fixed by the standard regulation [17]. During the solidification
phase (18 h), heat flux through the floor surface was around 30 W/
m2 whilst the temperature of the floor surface and temperature
into the containers were similar to the previously investigated
scenario.

4.1.3. Thermal performance
Based on the data reported in sections 4.1.1 and 4.1.2, it is

possible to analyse the trends of heat flux through the floor surface
in relation to the supply water temperature, therefore when the
system is operating. The following graph (Fig.18) illustrates the two
cases of dry and wet sand conditions as reviewed above.

4.2. Experimental tests e configuration 2

4.2.1. Dry sand condition
Time series of temperatures and heat fluxes acquired for dry

sand condition and the radiant floor configuration 2, i.e. with PCM
containers installed under heating pipes, are illustrated in Fig. 19.
After the first three days of non-stop operation, once steady state
conditions were achieved, heat flux through floor finishing was
Fig. 18. Heat flux vs. working fluid temperature.

10
about 40W/m2, while floor surface temperature was nearly 27.5 �C.
When the system was turned off the different temperatures

dropped sharply in the following 9 h until the PCM started to so-
lidify. Throughout the crystallisation process of the hydrated salt,
which lasted almost 24 h, the average heat flux through floor fin-
ishing was 16 W/m2, mean floor surface temperature was around
23 �C whilst temperature above containers was observed to be
nearly 25.7 �C. The significant time needed for the PCM solidifica-
tion was mainly due to the absence of the fan.
4.2.2. Wet sand condition
Time series of temperatures and heat fluxes acquired for thewet

sand scenario are outlined in the following chart (Fig. 20). Taking
into consideration steady state, heat flux through floor finishing
was found to be almost 70 W/m2, hence about 75% higher than in
dry sand conditions. The mean floor surface temperature was
nearly 28.5 �C. After the water flow rate was stopped, temperatures
dropped in less than 8 h till the beginning of the crystallisation
process of the hydrated salt, which took 15 h. Thus, the PCM started
to solidify earlier and the transition phase lasted a shorter time
compared to the dry sand scenario, mainly due to the forced con-
vection generated by the fan. During PCM solidification mean heat



Fig. 21. Temperature distribution in steady state for wet sand condition.

Fig. 22. Temporal changes of floor lower side temperature for dry and wet conditions.
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flux through floor finishing was observed to be around 28 W/m2,
average floor surface temperature was a little lower than 23 �C
while the temperature above containers was found to be almost
25 �C.
4.3. Numerical modelling e configuration 2

Temperature distribution in steady state obtained numerically
in COMSOL Multiphysics® 5.5 [41] with a supply water tempera-
ture of 35 �C in the wet sand condition is illustrated in Fig. 21. The
mean floor surface temperature for the dry sand condition was
27.5 �C and for the wet sand scenario was nearly 28.0 �C, which is
the same and 0.5 �C lower than the valuemeasured experimentally,
respectively.

Temporal changes of temperature of the floor lower side ac-
quired for dry and wet sand conditions are depicted in Fig. 22.
These time series are related to the transient state when the water
flow rate was stopped. As can be seen, values of temperature ob-
tained numerically based on the model with 35 �C supply water
temperature, marked as solid lines, are consistent with experi-
mental values, marked as symbols, which allows to state that the
developed model was correctly calibrated for both scenarios.
5. Conclusions and outlook

In the present study, the thermal behaviour of a hydronic
radiant floor heating system enhanced with macroencapsulated
11
PCM was analysed by means of numerical and experimental
investigation. More in detail, temperature distribution and heat
flux were examined in order to check the benefits of PCMs when off
the heating system. The impact of using dry andwet sand, as well as
the effect of the position of PCM containers e above or under
heating pipes e on thermal performance, were investigated.

Experimental results showed that the use of high thermal
conduction in mortar increases much faster the overall perfor-
mance of the PCM integrated underfloor heating system in both the
configurations examined. Indeed, taking into account the scenario
with PCM containers installed above piping, it was found that heat
flux in the wet sand condition was 60% higher than in dry sand
when the system operated in steady state, and 100% higher than in
dry sand when the transient mode was considered. Similarly, for
the scenariowith PCM containers installed under heating pipes, the
use of wet sand allowed to achieve a heat flux through the floor
surface 75% higher than the one reached by adopting dry sand.
Moreover, the mean floor surface temperature for the wet sand
condition was almost 1 �C higher than the dry sand condition.

The comparative analysis of the experimental results showed
that configuration 2 with PCM containers installed under piping
decisively contributes to the positive effect of wet sand on the
thermal performance of the system. By adopting a supply water
temperature of 35 �C in wet sand condition, macroencapsulated
PCM positioned under heating pipes allows obtaining a floor sur-
face heat flux about 75% higher than the one achieved in the PCM-
under-pipes scenario. Furthermore, the floor surface temperature
obtained with the system configuration 2 is nearly 1.5 �C higher
than the temperature of the floor measured in configuration 1. In
addition, once the phase change process occurred in the containers,
temperatures dropped down in 8 h rather than 6 h as it was for
configuration 1. The same strong positive contribution of PCM
installed under heating pipes was found in Plytaria et al. [21], as
reported in section 1.

The experimental analysis included the investigation of the
scenario with a supply water temperature of 40 �C in wet sand for
configuration 1, with the aim of examining the conditions for the
achievement of higher heat fluxes for colder climates. However,
much higher values of heat fluxes were obtained with a supply
water temperature of 35 �C when PCM containers are installed
under the piping. These findings suggested that the use of high
thermal conduction in a mortar, along with the position of PCM
under heating pipes, allow to optimise the temperature of supply
water when higher heat fluxes are required.

The same thermal behaviour of the PCM integrated radiant floor
heating system was reported by the results obtained from the nu-
merical analysis, demonstrating that the numerical model was
correctly calibrated for all the scenarios investigated.

In light of the results reviewed above, the validity and accuracy
of the numerical models developedwould allow conducting further
analysis aimed at the design optimisation of the PCM enhanced
radiant floor system in terms of both energy performance and
thermal comfort. Indeed, the position of PCM containers under
piping, along with the depth of heating pipes, pitch, water supply
temperature, etc. can significantly impact not only on the energy
performance of the system and the related energy consumption but
also on the distribution of the floor surface temperature and
therefore on the indoor thermal comfort of occupants.
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