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When integrated in radiant floor, phase change materials (PCMs) enable the system to store and release thermal
energy in winter and efficiently mitigate heat gains in summer. Although a large number of studies examined the
thermal performance of radiant floors with PCMs, most of the works conducted a numerical analysis. Only a few
studies experimentally investigated PCM integrated radiant floors, and they were limited to laboratory set-ups. In
addition, nearly all the works focused exclusively on space heating. A radiant floor enhanced with PCMs was
experimentally investigated at large-scale within the H2020 European project IDEAS. The system was composed
of two types of PCMs, one for heating and one for cooling, installed in a building demonstrator equipped with an
existing air handling unit (AHU). Data showed that in summer thermal loads were absorbed by PCM during the
day. Heat was then released in the night to maintain indoor temperature close to the setpoint. In winter, the
radiant floor integrated with the AHU allowed to achieve 13 % energy savings compared to the sole AHU. PCM
thermal storage allowed to maintain the setpoint temperature of 20 °C from 9 h up to almost 30 h after the
switching off of the systems.

1. Introduction

Since the start of the energy crisis in September 2021, the European
Commission has adopted urgent measures to tackle the issue. Firstly, a
15 % reduction in gas demand from all consumers was strongly
encouraged, and obligation to reduce electricity consumption by at least
5 % during peak price hours was imposed [1]. Furthermore, at the end of
March 2023 the EU Council and the Parliament reached a provisional
agreement aimed at increasing the target of renewable energy from the
existing 32 % to at least 42.5 % within 2030, with a specific benchmark
of 49 % for building energy consumption [2]. For this reason, there is a
growing interest in low-temperature heating and high-temperature
cooling systems. Furthermore, in order to improve the exploitation of
renewable energy sources, extensive studies have been focusing on
technologies able to achieve peak load shifting and shaving, which
enable to overcome the mismatch between supply and demand, thus
facing the issue of renewable intermittency.

Compared to conventional heating systems using supply water
temperatures of about 60-70 °C, water temperature reduced up to 35 °C
or lower is adopted in radiant floor (RF) ones [3,4]. Similarly, RF cooling
systems operate at significantly higher temperatures than 8 °C, which
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are commonly used in conventional systems [5]. Water temperature
equal to or higher than 16 °C is usually employed for radiant cooling.
The small temperature difference from indoor comfort temperature does
not only allow RF systems to achieve considerable energy and costs
savings both on heating and cooling [6,7], but also to foster the
exploitation of renewables [8,9].

Within this background, the integration of PCMs in RF systems al-
lows to further lower energy consumption, and especially foster the
exploitation of renewable energy sources, as well as cut CO2 emissions
[10,11]. With a theoretical volumetric storage density of up to 15 times
higher than traditional storage materials [12], phase change materials
(PCMs) are able to accumulate and discharge an important amount of
thermal energy as latent heat while undergoing a change in phase [13].
During the day in winter, the PCM can store the available renewable
heating loads, and subsequently emit them at comfort temperature in
the night. Moreover, the PCM is able to ensure sufficient thermal resil-
ience to absorb thermal loads. Then, these loads can be released by the
available renewable cooling sources [14]. Therefore, PCMs integrated in
RF systems can shave peak loads and shift energy consumption from
high-demand to low-demand hours, when pricing is lower [15,16].

Considered their high energy saving potential, the energy perfor-
mance of PCM enhanced RF systems has been examined by a very large
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Nomenclature

Acronyms

AHU Air handling unit

AHX Air section

FEP Fluorinated ethylene propylene

GHX Geothermal field

HF Heat flux

HDPE High-density polyethylene

HP Heat pump

PCM Phase change material

PV/T Photovoltaic/thermal collector

PVT. Solar section

RF Radiant floor

RH Relative humidity

S§17 PCM with melting temperature of 17 °C
S27 PCM with melting temperature of 27 °C
XPS Extruded polystyrene

Symbols

[ Specific heat [kJ/(kg K)]

E Energy [kWh]

m Mass per unit surface area [kg/mz]
q Heat flux [kW/m?]
T Temperature [K]
AHg;, Latent heat [kJ/kg]
AT Temperature difference [K]
Ax Thickness [m]
Greek Symbols
p Density [kg/ms]
y Thermal conductivity [W/(mK)]
Subscripts
el electrical
f floor
in inlet
m melting point
room
t thermal
t; initial time
tz final time
tot total

number of studies. Nevertheless, analysis of the literature has uncovered
a shortage of experimental works investigating the application of PCMs
in RF heating and cooling systems. Indeed, the majority of the studies
only conducted a numerical analysis and focused exclusively on heating
systems. The few experimental works used small-scale laboratory set-
ups or test rooms at most. Therefore, systems providing space cooling
result to be still unexplored.

Against this background, the present work aims at filling the current
knowledge gap. Indeed, the study presents the first full-scale installation
of a PCM integrated RF. The system was realised in a 100 m? snack-bar at
the service of a vast academic complex, thus daily frequented by stu-
dents, professors, technical staff and common people. Therefore, the
novelty of the work is not only represented by the full-scale experi-
mental investigation, but also by the fact that the system is actually,
currently and continuously used in a public building. Furthermore, the
RF analysed does not only provide space heating, but also cooling. For
this reason, the study is characterised by strong significance compared
to the current literature. In addition, innovation is also included in the
respective position of the two types of PCM (the one destined for the
heating period and the other one for the cooling season), which has
never been adopted before. In fact, the works that analysed systems
providing space heating and cooling always supposed the two PCM
layers to be one above the other. Differently, in the present study the two
PCMs were installed alternatively, in a checkerboard pattern. Finally,
the system here presented was designed to be installed in an existing
floor structure, thus, to be compatible with existing structural con-
straints often characterised by a particularly limited thickness. Also this
issue has been rarely analysed in literature. Therefore, the work could be
exploited to lay the basis for the design of far more optimised systems
and to develop a design framework for a more extensive application of
PCM enhanced radiant floor systems, especially considered the energy
savings achievable through the adoption of these low-temperature
heating and high-temperature cooling systems, as well as the potential
exploitation of renewable energy sources.

In the following lines a review of the literature about PCM integrated
RF systems is reported and is summarised in Table 1. A distinction be-
tween the studies that carried out exclusively a numerical analysis
(identified as N in Table 1), those based on experimental tests (E in
Table 1) and those involving both a numerical and experimental
investigation (N&E in Table 1) is conducted, and dimensions of the set-

up or test room, when adopted, are provided. Furthermore, the differ-
ence between the works focused on heating systems (H in Table 1) and
those which considered systems providing both heating and cooling
(H&C in Table 1) is highlighted. In addition, the position of PCM in
relation to the piping network is specified, and especially the relative
position when a PCM for heating and one for cooling were considered, in
order to properly highlight the novelty of the present study. Finally, the
main findings in terms of energy savings, floor surface temperature (Tp),
room temperature (T,), temperature (T) fluctuations, etc. are reported.
In order to allow a proper interpretation of the results, the main oper-
ating conditions are also specified, like PCM melting point (T;,) and inlet
water temperature (Tj,).

Taking into account numerical studies about RF heating systems
integrated with PCMs, a few works focused on examining the impact of
PCM position in relation to piping on the thermal performance of the
system. Plytaria et al. [17] compared a PCM with a melting point of
29 °C installed above or under pipes. Supply water at 40 °C was
considered. The under-piping structure resulted to be the optimal sce-
nario. PCM was assumed to be positioned below pipes also by Baek and
Kim, who numerically examined macroencapsulated PCM having a
melting point of 42 °C. The optimal supply water temperature was
identified in the range 40-41 °C [18], and up to 15.3 % energy savings
were evaluated with a 20-50 mm PCM layer [19]. Differently, Gonzalez
and Prieto [20] investigated the performance of paraffin PCM bands
embedded in concrete and positioned in contact and not in contact with
pipes. The former led to melting rates increased up to 4.6 times, whilst a
solidification process up to 1.8 times faster was achieved with the latter.
Babaharra et al. [21] examined the impact of pipe spacing (from 11 to
18 cm) and PCM type (hydrated salt with 27 °C melting point and n-
octadecane with 30 °C) assuming supply water at 35 °C. The analysis
highlighted an improved heat transfer with microcapsules hydrated salt
positioned above pipes. Furthermore, a higher pipe spacing corre-
sponded to a longer melting process, thus to a better thermal comfort.
Again, significantly smaller temperature fluctuations were found by
Zhao et al. [22] for a PCM-RF compared to a common concrete system,
equal to about 1 °C for the former and 5 °C for the latter, respectively.
PCM was considered filling the space between pipes and over them. A
PCM-RF coupled with a heat pump was simulated in Mazo et al. [23].
Granulated PCM with a melting point of 27 °C was integrated in the
concrete slab encasing water pipes. Supply water at 33 °C was
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Table 1
List of the reviewed papers about PCM integrated RFs, distinguished between numerical (N) and experimental (E) analysis and between heating (H) and cooling (C)
systems.
Ref. Heat.,/  Method  Experimental PCM Key
Cool. set-up position results
[17] H N - Above vs under piping PCM under piping was the optimal scenario. Auxiliary loads reduced by 65 %.
[18] H N - Under piping Optimal T;, = 40-41 °C to achieve T, = 21.6-22.6 °C.
[19] H N - Under piping Energy saving from 7.3 to 15.3 % with 20-50 mm PCM.
[20] H N - Above and between piping PCM in contact with the piping: melting rates increased up to 4.6 times. PCM not in
contact with pipes: solidification up to 1.8 times faster.
[21] H N - Above 15 % microcapsules hydrated salt above pipes with 18 cm pipe spacing was the
optimal scenario.
[22] H N - Above and between piping Smaller T fluctuations were found for the PCM-RF (1 °C) compared to common
concrete RFs (5 °C).
[23] H N - Encasing piping Total shift of the electric energy consumption, with a 18 % cost saving potential.
[24] H E 3.6m?x24m Under piping Thoor = 32 °C when the system was on; Tgoor = 30 °C even after 8 h since the
turning-off, with T, =~ 29 °C.
[26] H E 55m2x2.0m Above and between piping PCM provided a higher and more stable heat supply than sand for longer time, as
well as a more even Tgoor
[27] H E 385m?x2.4m Above piping Only 42 % of the supplied heat was effectively employed for the storage.
[28] H N&E 0.3x0.4x0.1 m? Under piping Optimal T, = 38-45 °C to achieve T, = 22 °C and Tgoor = 28-30 °C.
[29] H N&E 0.5x 0.5 x 0.095 m® Above piping Much lower T fluctuation compared to standard slab. Thermal comfort was
ensured despite 8 h-operation.
[30] H N&E 0.6 x 0.6 x 0.22 m® Above vs under piping Mortar with high thermal conductivity and PCM under piping allowed to optimise
Tin and achieve a 75 % higher heat flux.
[31] H N&E 0.6 x 0.6 m? Encasing piping The PCM-graphene mortar showed lower Tp,,, fluctuations compared with a
standard one, and a higher T, when the system was off.
[32] H N&E 25.6 m%2x 2.7 m Wrapping piping PCM at the end of the loop not all melted. Achievable small T fluctuations through
intermittent heating.
[33] H N&E 25.6 m*>x 2.7 m Wrapping piping Optimal pipe spacing = 28 cm and PCM thickness = 2 cm.

[34] H&C N -

and heat one below

[35] H&C N -

above and heat one below

[36] H&C N -

above and heat one below

[37] H&C E 0.4x0.4x0.6m®

above vs below the cold one

[38] H&C E 1m?

above vs below the cold one
Encasing piping

[14] H&C N&E 0.5x 0.5 x 0.1 m®

[39] H&C N&E 10.8 m?>x 2.7 m

cold and heat storage layers

Above piping, cold storage layer above
Encasing piping, cold storage layer
Encasing piping, cold storage layer
Encasing piping, heat storage layer

Encasing piping, heat storage layer

Above piping, different distributions of

Energy released during heating and cooling increased by 41.1 % and 37.9 %
compared to a standard RF.

Theoretical basis for the design of intermittent cooling and heating systems was
provided.

Thoor = 18-24 °C with T, = 19 °C (H) and Tpeer = 19-24 °C with T, = 26 °C (C).

Optimal configuration: upper heat storage layer; achievable heating and cooling
energy savings of 58.6 % and 64 %.

Upper heat storage layer resulted in a much higher T, and T, at the end of the
thermal storage, but also in a higher T fluctuation during the heat release.

In summer: cooling water reduced by 25 %. In winter: no impact on the system
performance.

Weather forecast-based control brought to 4 % and 8 % heating and cooling energy
savings.

considered. Results showed an achievable total shift of the electric en-
ergy consumption and a cost saving potential of nearly 18 %.

Differently from numerical studies, only a small number of experi-
mental works was carried out about PCM-RF heating systems, and they
were mostly limited to small-scale laboratory set-ups or test rooms at
most. The installation of a PCM-RF heating system compatible with an
existing floor structure was investigated for the first time by Park and
Kim [24], which considered a 3.6 m? test room. PCM with a melting
temperature of 44 °C was positioned under piping operating with supply
water at 55 °C. Floor surface temperature reached 32 °C when the sys-
tem was on, therefore decisively higher than the limit value of 29 °C
defined by regulation [25]. A 5.5 m? test room was used by Zhou and He
[26] to compare the thermal performance of a RF integrated with sand
or with PCM positioned above and between pipes. Results demonstrated
that PCM provided a higher and more stable heat supply for longer time,
as well as a more even floor surface temperature. Differently from the
studies mentioned above, Yamaguchi et al. [27] analysed a larger test
room (38 mz), but the space was not provided with windows, therefore it
was not so realistic.

A larger number of studies conducted both a numerical and an
experimental analysis about PCM-RF heating systems. Suitable melting
temperatures for an organic PCM installed under piping were identified
in 35, 37, 41 and 44 °C by Baek and Park [28]. Then numerical results
were experimentally evaluated using a 0.3 x 0.4 x 0.1 m® set-up, which
demonstrated that 41 °C was the best melting point. The thermal per-
formance of a RF integrated with hydrated salt PCM was tested by Farid

and Kong [29] using a 0.5 x 0.5 x 0.095 m® set-up. The macro-
encapsulated PCM having a melting temperature of 28 °C was included
in the concrete slab above piping. Results showed a decisively lower
floor surface temperature fluctuation than a standard slab, and an
acceptable surface temperature during the whole day despite the only 8
h-operation. The system was then numerically analysed for optimisa-
tion. A similarly small set-up (0.6 x 0.6 x 0.22 m®) was used by Larwa
et al. [30] to calibrate a numerical model and analyse the effect of PCM
above or under heating pipes. Mortar with high thermal conductivity (i.
e. wet sand) and PCM under piping allowed to optimise supply water
temperature and achieve a heat flux 75 % higher than the above-piping
configuration. Again, a 0.6 x 0.6 m? set-up was used by Baccega et al.
[31] to test a mortar encasing piping and enhanced with paraffin PCM
and graphene. PCM melting point was 28 °C and supply water temper-
ature was between 35 and 40 °C. The system was then numerically
investigated. Significantly lower floor temperature fluctuations were
achieved compared with a standard mortar, and a 2.5 °C higher room
temperature was ensured for 2 h more when the system was off.
Differently, a larger test-room of 25 m? was adopted by Lu et al. [32] to
test a double pipe PCM-RF system. Supply water temperature of 50 °C
and paraffin PCM with a melting point of 36 °C were used. Findings
showed that the PCM at the end of the loop did not melt completely.
Then, the impact of pipe spacing, solidification temperature and PCM
thickness was numerically analysed to optimise the system in the
following work [33].

Whilst several studies investigated PCM-RF heating systems, a small
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number of works focused on systems providing both space heating and
cooling. Among these, even a smaller number conducted an experi-
mental analysis. All the numerical studies reported below considered the
cold PCM layer placed above the PCM for heating. A melting point of
28 °C for space heating and 17 °C for cooling were numerically inves-
tigated by Xu et al. [34], while 38 °C and 18 °C were selected by Jin and
Zhang [35]. The latter found that the energy released by the PCM-RF
was 41.1 % and 37.9 % higher during heating and cooling than a stan-
dard system. A RF using PCMs with a melting temperature of 30 °C for
heating and 19 °C for cooling was numerically investigated by Ren et al.
[36]. Results showed that floor surface temperature could be ensured in
the range 18-24 °C with an indoor temperature of 19 °C during the
heating period, while a floor surface temperature between 19 and 24 °C
could be maintained in summer, with a room temperature of 26 °C.

As already mentioned before, only a few works experimentally
examined RF systems providing heating and cooling, and all of them
focused on the impact of the respective position of the two PCM layers.
Nevertheless, differently from the findings of the numerical studies re-
ported before [34-36], experimental results demonstrated that the heat
storage layer placed above the cold storage one was the optimal layout.
Heating and cooling energy savings of 58.6 % and 64 %, compared to a
standard RF, were evaluated by Sun et al. [37] using a small set-up (0.4
x 0.4 x 0.6 m®) with piping encased in PCM. A melting point of 31 °C was
selected for the winter and 20 °C for the summer, operating with supply
water at 42 °C and 10 °C, respectively. Again, a small test box with a
floor surface of nearly 1 m? was used by Xia and Zhang [38] to compare
the respective position of the two PCM layers encasing pipes. A melting
point of 34 °C was assumed for the winter and 19 °C for the summer.
Results highlighted an indoor air temperature about 6 °C higher during
the heat release process with the heat storage layer above.

A very limited number of studies carried out both a numerical and
experimental analysis on RF heating and cooling systems. Ansuini et al.
[14] used small laboratory set-ups of 0.5 x 0.5 x 0.1 m® to investigate
organic PCM granules having a melting point of 27 °C and encasing
piping. Supply water at 35 °C for heating and 23 °C for cooling was
adopted. Optimised numerical models were then developed. Results
showed a 25 % reduction in cooling water, but no impact was observed
on the heating behaviour. However, a PCM-RF heating and cooling
system was experimentally investigated in a more realistic small
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experimental building only by Cesari et al. [39]. The system, which
represents the small-scale prototype of the system described in the
present study, was installed in a 10 m? test-room and then numerically
investigated to define a weather forecast-based control strategy. A
comprehensive description of the work is reported in section 2.1.

Against this background, a PCM enhanced RF providing space
heating and cooling was experimentally examined for the first time at
full-scale. The system was installed and analysed by the University of
Ferrara (UNIFE) in the 100 m? snack-bar of the Department of
Biomedical and Specialties Surgical Sciences of UNIFE within the H2020
European project IDEAS [40], and it is being monitored since end-June
2022. Results of the monitoring data for the heating and cooling period
are here reported.

2. Methodology
2.1. Large-scale prototype

The objective of IDEAS project is the development of a novel low-cost
building integrated renewable energy systems (RES) which will cost-
effectively exceed current RES efficiencies, generating electricity, heat,
and cooling and that will be optimised in different climatic conditions.
Within this frame, the work package n.5 was focused on the large-scale
installation of the IDEAS system in two demo sites, one located in Fer-
rara (Italy) and the other one in Mayo (Ireland). The piping and
instrumentation diagram of the Italian large-scale prototype of the
IDEAS system is reported in Fig. 1. The system implements a 25 kW
multi-source water-to-water heat pump (HP), which operates by means
of two primary loops between two tanks, a 800 1 buffer tank on the
source-side (identified as BF1) and two tanks of 500 1 each one on the
user-side (identified as BF2.1 and BF2.2), which are connected in series.

On the source side, the buffer tank BF1 is connected to the main loop
of the system, which is fed by the pump P1. Buffer tanks were included in
the system in order to avoid hydraulic issues and to ensure a proper
management of the energy sources and terminal units, which requires a
specific control of the fluid flowrate in the secondary loop. These re-
quirements brought to the installation of two additional pumps on the
secondary loop (P2 and P3).

In the primary loop the system operates between three thermal

USER SIDE

AHU
UNIFE

Fig. 1. Piping and instrumentation diagram of the large-scale prototype of the IDEAS system.
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Fig. 2. Building demonstrator in Ferrara, Italy.

sources (ground, sun and air) to optimise the temperature on the source-
side for the air-conditioning of the building demonstrator. The three
thermal sections can operate separately or simultaneously and include
the geothermal field (identified as GHX), the solar section (PVTc) and
the air section (AHX), which employs a dry-cooler unit (20 kW, 0.5
kW) for the disposal of the heat coming from the PVTc or to regenerate
the ground. The GHX loop is composed of 46 shallow ground heat ex-
changers (UNIFE patent EP2418439A2) [41], organised in 7 lines and
installed in 2.5 m deep trenches, resulting in 92 m of GHXs, equal to
more than 10 kW continuous peak power. More details about this type of
shallow ground heat exchangers and their applications can be found in
Refs. [42,43]. The solar section consists in 14 commercial photovoltaic/
thermal panels (PV/T) (400 W of peak each one) horizontally installed
on the roof of the demo building. This section also includes the
connection of two experimental compound parabolic photovoltaic
thermal collectors (identified as PVTe) vertically installed, which are not
considered in the present analysis due to their negligible thermal and
electric contribution.

On the user-side, a RF integrated with PCMs was installed in the area
of the snack bar destined for clients. The space was equipped with an
existing air handling unit (AHU) to ensure ventilation rates and manage
latent loads. The existing AHU was modified by integrating a new sec-
tion connected to the IDEAS system. In this way, the new experimental
system allows to use, individually or simultaneously, the existing AHU
as modified with the new IDEAS section and the novel RF system. This
design approach ensures HVAC operation regardless of the state of the
experimental plant, especially in the first start-up period, which
required a lot of time spent for the testing and updating the management
and logging data systems.

The snack-bar is a 1-storey volume adjacent to the academic building
on two sides, and facing south-east with one facade, south-west with two
facades and north-west with another facade (Fig. 2 and Fig. 3). Entrance
is allowed both from the adjacent department and directly from outside.
External walls are floor-to-ceiling windows with a painted iron frame
and a single pane. Internal walls include a masonry wall and a glass
partition with a painted iron frame. The flat roof is composed of a 30 cm
suspended ceiling for piping and a 30 cm slab (beams and hollow clay
blocks) covered with a bituminous waterproofing membrane coated
with mineral granules. Values for surface, thickness and thermal

transmittance of the components of the building envelope are reported
in Table 2. Therefore, due to the largely glazed and hardly insulated
building envelope, the snack-bar is characterised by a high energy de-
mand both for space heating and cooling. The relevant energy demand is
also due to the continuous flow of people coming in and out both from
the adjacent department and directly from outside.

The space is characterised by a conditioned volume of nearly 442 m>
and a conditioned floor surface of almost 134 m?, which can be distin-
guished into two areas: one zone occupied by the counter and the other
one destined for the clients (110 m?), where the PCM integrated RF was
installed.

The PCM enhanced RF system had been previously extensively
investigated, both numerically and experimentally, firstly at lab-scale
and then in a small mock-up building. The thermal behaviour of a RF
heating system integrated with PCMs positioned above or below pipes
was investigated by Larwa et al. [30] through numerical analysis and
experimental tests carried out on lab-scale set-ups. Hydrated salts
encapsulated in high-density polyethylene (HDPE) containers named
ThinICE [44] - provided by PCM Products Ltd [45], partner of IDEAS
project — were used. Results demonstrated that the under-piping sce-
nario achieved an increase of 75 % in heat flux and a floor surface
temperature 1.5 °C higher compared to the system with PCM positioned
above piping. The under-piping configuration was further numerically
and experimentally analysed within the work package n.3 (WP3 leader:
UNIFE), through the installation in a small experimental building (10
m?) located at the TekneHub laboratory of UNIFE, with the first findings
reported in [39]. The RF system provided both space heating and
cooling and it was enhanced with ThinICE having a melting point of
27 °C for the winter and 21 °C for the summer period.

The final and optimised prototype of the PCM enhanced RF system
installed in the large-scale demo-building was composed of about 420
ThinICE with a melting temperature of 27 °C for the winter (called S27)
and likewise with a melting point of 17 °C for summer (named S17)
[46], which were positioned alternatively. A plan of the snack-bar with
the distribution of PCMs containers and sensors is illustrated in Fig. 3,
while the structure of the PCM-RF with the sensors position is reported
in Fig. 4. The installation required the demolition of the existing floor
(20-22 cm) and the realisation of a new structure having the same
overall thickness. Thus, the coupling technology employed represents a
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Fig. 3. Plan of the demo-building with the distribution of PCM containers and sensors.

Table 2
Demo-building physics.

Component Surface Thickness Thermal transmittance
m? m W/(m*K)

Glazed external wall 128 0.005 5.00

Floor 134 0.215 0.64

Roof 134 0.400 1.40

real example of renovation providing high thermal storage through the
installation of PCMs in a particularly limited thickness due to existing
structural constraints.

The system is composed of a commercial vinyl flooring (1) installed
over a 50 mm dry-set mortar (2). The mortar is characterised by high
thermal conductivity and is improved with macro-synthetic fibre for
screed reinforcement. Then, @16 x 2 mm piping (3) was installed above
ThinICE (4) with a pitch of 80 mm (Fig. 5). ThinICE were positioned
alternating S27 and S17 (Fig. 6) above a vapor barrier (5) covering a 40
mm high-density insulation panel (XPS300) (6). The panel was pro-
tected by a dump-proof membrane (7) placed between the insulation
layer and a 80 mm concrete slab (8). The slab was improved with a
waterproof additive and included a metal mesh. Floor structure mate-
rials and their thermophysical properties are reported in Table 3.

2.2. Monitoring system

The monitoring system included heat flux meters (produced by
Hukseflux) [47] and T-type thermocouples (manufactured by Delta
Strumenti) [48], positioned as illustrated in Fig. 3 and in Fig. 4. Heat flux
meters were made of a thermopile protected by a ceramic plastic com-
posite body, suitable and reliable for long term installations with IP67
protection. T-type thermocouples (copper and constantan) with fluori-
nated ethylene propylene (FEP) sheath were selected as the application
required a small temperature detector.

Indoor air temperature was monitored by a digital temperature (T)
and humidity (RH) sensor (manufactured by S + S Regeltechnik) [49]
placed in the snack-bar, while a weather station (produced by Davis
Instruments) [50] equipped with a pyranometer was installed on the
building roof to acquire outdoor air temperature, relative humidity,
solar radiation, wind speed and direction.

Supply water temperature of the RF was collected through the probe
used by the mixing valve, and thermal energy meters (produced by
Maddalena) [51] equipped with two Pt100 probes were installed on the
inlet and outlet of specific sections of the system (among them, the RF
and the AHU) to acquire several data, like the instant and maximum flow
rate, inlet temperature, outlet temperature, etc.

Furthermore, since December 2022 two heat flux meters were posi-
tioned over the floor in correspondence of a S27 (HF S27) and a S17
(HF S17) (Fig. 3). Technical data of the sensors mentioned above are
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Fig. 6. ThinICE S27 (marked in red) alternated to ThinICE S17 (marked in
blue). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

reported in Table 4.

Thermocouples and heat flux meters were connected to a datalogger
(produced by Delta Strumenti) [52] that acquired and saved data with a
timestep of 30 s. Data saved by the datalogger, as well as the other data
mentioned above, were acquired by means of different communication

Table 3
Floor structure materials and their thermophysical properties.

Material Density Specific heat Thermal conductivity
kg/m* kJ/(kg'K) W/(m'K)

1. Vinyl flooring 1646 1.260 0.250

2. Dry-set mortar 2100 1.000 1.600

3. Piping 951 2.300 0-350

4. PCM S27* [46] 1530 2.200 0.540
PCM S17* [46] 1525 1.900 0.430

5. Vapor barrier 289 1.700 0.220

6. Insulation (XPS300) 31 1.450 0.033

7. Dump-proof membrane 923 - -

8. Concrete slab 2400 0.900 1.500

*S27 latent heat = 185 kJ/kg.
S21 latent heat = 155 kJ/kg.

standards (Modbus line 1, Modbus line 2 and Modbus TCP), read every
30 s and used to write a database as a set of semicolon separated values,
stored in the form of many.txt files, and saved at customised period of
time.

3. Results and discussion

The installation works of the IDEAS large-scale system started in
October 2021 and were completed in June 2022 for the most part.
However, being an experimental system, which included the installation
of different components, most of them being innovative, the operation of
the plant was characterised by long periods of testing for the imple-
mentation of the components and their tuning, as well as by highly
frequent malfunctions or breakdowns of some devices. For these rea-
sons, it has not been possible the conduct the monitoring for long and
continuative periods, and comprehensive data about the thermal
behaviour and energy consumption of the system for the entire heating
or cooling periods are not available yet. Therefore, the most represen-
tative days for the cooling and the heating season were selected, and the
main results are reported in section 3.1 and in section 3.2. The following
parameters are reported in the charts illustrated in Fig. 7 to Fig. 15:
indoor air temperature is identified as T int [°C], outdoor air tempera-
ture is named T ext [°C], supply water temperature of the RF is T RF
[°C], temperatures measured under and over a ThinICE and under floor
finishing in correspondence of a S17 are T2, T4, T6 [°C] and in corre-
spondence of a S27 are T3, T5, T7 [°C]. Solar radiation is identified as
Solar rad. [W/mz], heat fluxes measured in correspondence of a S27 and
of a §17 are named HF S27 and HF S17 [W/m?], respectively. Operation
of the AHU is represented by the curve identified as AHU on—off, while
thermal energy provided by the RF and the AHU are identified as AHU
energy and RF energy [kWh], which were calculated using Eq. (1):
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Table 4
Technical data of the monitoring devices.
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Sensing area Sensor thickness Measurement range Sensitivity Rated operating Uncertainty of
m? m W/m? (nominal) temperature range calibration
V/(W/m? °C
Heat flow meters 8x107* 54x107° —2000... + 2000 60x10°° -30...4+70 +3%k=2)
[47]
Variant with thermal Accuracy °C Measurement Range
material °C
T-type Cu-CuNi (T) 0.5 —200 to + 350
thermocouples
[48]
T RH Measurement Range  Long-term Permissible air
accuracy °C accuracy % °C and % stability humidity

Digital T and RH
sensor [49]

+ 0.2
at 4 25°C

+ 2.0 (20...80 % RH) at +
25 °C; otherwise + 3.0

T accuracy °C RH accuracy %

0...+50°C
0...100 %

Solar radiation
accuracy %

+ 1 % per year

< 95 % RH, non-
precipitating air

Weather station [50] +0.3 + 2.0

Volumetric flow rate AT (measured) accuracy
accuracy % %

+5.0

AT (calculator)
accuracy %

Thermal energy
meters [51]

+ (2 + 0.02* qn/qn) —
or + 5 % if greater

+ (0.5 + 0.15/AT)

+ (0.5 + 0.05/AT)

(5]
(03]
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where E; is thermal energy [kWh], m is the volumetric flowrate [1/h], ¢,
is the specific heat [kJ/(kg'K)], AT is the temperature difference [K],
and t is the operating time [h].

Finally, with the aim to verify if the latent heat storage capacity of
PCMs was fully exploited, the comparison between values derived from
the experimental data and those reported by the manufacturer was
carried out in section 3.3.

The monitoring for the cooling period started from the end of June
2022. The AHU usually operated with a working fluid of 12 °C, whilst
the RF optimised the supply water temperature to avoid the condensa-
tion over the floor, according to a control loop specifically developed.
On average, the RF was able to ensure the cooling setpoint temperature
of 26 °C in standard weather conditions, reaching an average power of
around 40 W/m?, with a maximum close to 60 W/m? to prevent
condensation over the floor. The RF played a relevant smoothing role, on
which the AHU only intervened to cover the thermal peaks, reaching an
average power of around 6 kW in coupling with the RF.

A comparison between the two systems in terms of energy
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performance and thermal comfort is reported in the following lines. Two
periods characterised by comparable boundary weather conditions were
selected. The operation of the sole AHU is reported in Fig. 7, which il-
lustrates two days at the beginning of September, from 6th to 8th.
Conversely, two days of end-August, from 25th to 27th, are illustrated in
Fig. 9, when the AHU operation was integrated with the RF.

As regards AHU operation, despite an average outdoor air temper-
ature of about 25.5 °C, the system was kept on throughout the two days
considered. Nevertheless, the cooling setpoint temperature of 26 °C was
barely ensured. Indoor air temperature ranged from 22 °C in the night
up to 28 °C during the day (Fig. 7). Thermal energy supplied by the AHU
was equal to 445 kWh. The same thermal performance was observed for
the previous 40 h.

Differently, the last week of August was characterised by hard
weather conditions, with outdoor air temperature reaching nearly 34 °C
during the day, as illustrated in Fig. 8. A focus on two days, August 25th-
27th, is reported in Fig. 9. On August 25th the RF and the AHU were
turned on at about 8:00. Then, the AHU was switched off after the sunset
(21:00), while the RF was kept operating. Keeping the RF on even after
the turning off of the AHU allowed to maintain the indoor air

temperature close to the setpoint of 26 °C during the night thanks to
PCM solidification. Indeed, the temperature of outdoor air significantly
decreased in the evening and indoor temperature decreased as well up to
less than 24 °C. At the same time, PCM solidification began, and the
phase change resulted in the increase of indoor air temperature, which
was maintained between 25.1 and 25.6 °C throughout the night, despite
temperature of outdoor air significantly continued to decrease and
reached 22 °C. In this way, a lower energy effort was then required to
manage indoor air temperature at sunrise and ensure the cooling set-
point temperature in the morning. The same relevant impact on the
control of indoor air temperature can be noticed during the night of
August 28th (Fig. 8), when outdoor temperature decreased and reached
less than 20 °C. Indoor temperature decreased as well up to less than
22 °C. However, PCM solidification and the release of latent heat
maintained indoor temperature between 23.5 and 23.7 °C. This behav-
iour clearly represents the possibility of an efficient and effective ther-
mal storage carried out by the RF. On the contrary, this beneficial effect
of PCM did not happen during the night of August 27th and 29th, when
AHU was kept on and indoor air temperature continued to drop
throughout the night reaching 22 °C (Fig. 8).
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Fig. 11. Sole AHU operation, Dec. 9"-11%,

Focusing again on the two days of August 25th and 27th, the inte-
gration of the two systems allowed the AHU to be turned on for 31 h
(Fig. 9), therefore 35 % less than the sole AHU operation. Thermal en-
ergy supplied by the AHU was equal to 287 kWh, while the one supplied
by the RF was 136 kWh, achieving an energy saving of 5 %. Despite the
small percentage, it should be noted that AHU and RF operated in hard
weather conditions, with a mean outdoor temperature of 27.2 °C and
solar energy gains of 11.4 kWh/m? thus considerably higher if
compared to the period of sole AHU operation (Fig. 7), characterised by
a mean outdoor temperature and solar energy of 25.5 °C and 10.1 kWh/
m?, respectively. In addition, the integration of the two systems allowed
to achieve a significantly higher thermal comfort, with indoor air tem-
perature ranging between 24 and 26 °C (Fig. 9).

However, PCM contribution did not consist only in the control of
indoor air temperature during the night. Indeed, the turning off of the RF
on August 26th at about 12:00 brought to the melting of PCM, which
absorbed thermal load and allowed to achieve peak loads shaving and

10

shifting. PCM reduced the cooling load to be covered by the AHU during
peak price hours and stored thermal load to release it later in the night
and control indoor temperature (Fig. 9).

The trend of the temperatures at the different layers in correspon-
dence of S17 and S27 over a more extended time period, from August
25th to September 8th, is reported in Fig. 10, where the impact of S17
can be observed. Indeed, during S17 solidification, the temperature
under S17 (T2) was higher than that under S27 (T3), thus highlighting
the higher thermal resistance and related thermal inertia due to the
phase change. The temperature difference demonstrated the thermal
storage capacity of S17, whilst S27 is characterised only by the sensible
thermal load. In addition, the temperature difference between the
measuring points located under the floor finishing (T7), over (T5) and
under S27 (T3) is very slight when temperatures are over 20 °C, whilst it
is more relevant for the equivalent sensors positioned in correspondence
of S17 (T6, T4 and T2). Furthermore, even if S17 was installed only on
half of the floor surface, it was able to drive the temperature up to
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highlight a sub-cooling effect, when the piping forced the system to
lower temperatures.

3.2. Heating period

The heating season was monitored from the end of November 2022
until February 1st, 2023. According to the climatic zone to which the
city of Ferrara belongs, the heating period officially begins on October
15th. Nevertheless, the heating system did not operate until the end of
November 2022, due to the unusually very high outdoor air
temperatures.

On average, the indoor temperature setpoint was set at 20 °C, which
was mainly ensured by the RF operating at a supply water temperature
of 32 °C, reaching a daily thermal energy of around 104 kWh. This daily
energy corresponded to an average thermal power of about 45 W/m?,
which sometimes was dramatically increased (up to higher values of 80
W/m?) to test the limits of the RF and highlight the PCM thermal
behaviour. The AHU was occasionally turned on by the algorithm
(which includes the control rules for the exploitation of the different
thermal sources) to cover very low outdoor air temperatures or to
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quickly recover the indoor setpoint temperature after the stop of the
system for testing activities. More in detail, when the outdoor air tem-
perature was less than 5 °C, the sole RF was not able to meet the building
energy demand (>100 kWh/day), and the AHU was required to reach
the indoor setpoint temperature. Differently, when outdoor air tem-
perature ranged between 5 °C and 15 °C, the RF maintained the setpoint
temperature alone. Finally, when the outdoor air temperature was
higher than 15 °C, overheating conditions occurred due to the thermal
inertia of the RF.

A comparison between the thermal performance of the two systems,
the sole AHU and the AHU integrated with the RF, is carried out in the
following lines. Again, two periods characterised by comparable
boundary weather conditions were selected: from December 9th to 11th
for the AHU operation (Fig. 11) and from 15th to 17th for the AHU-RF
operation (Fig. 12). Both the periods presented similar average daily
outdoor air temperature (5.9 °C and 5.3 °C respectively) and slight solar
gains. Taking into consideration the AHU operation (Fig. 11), it was
necessary to maintain the system continuously on for 48 h in order to
ensure the setpoint temperature of 20 °C. The achieved mean indoor air
temperature was 19.8 °C. Thermal energy supplied by the AHU was
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Fig. 13. Sole RF operation, January 2°¢-12%,
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Fig. 15. Temperature at different layers of the RF structure, RF turned off.

equal to 331 kWh. Thermal energy was evaluated according to Eq. (1)
reported in section 3.

Differently, the coupling between the two systems (Fig. 12) allowed
to keep the AHU on only for 15 h, therefore 70 % less time than the first
period analysed. The RF was maintained on for 34 h. It was turned off on
December 15th at 6.00, along with the AHU, considered the solar gains
contribution and the related increase of 2 °C in outdoor air temperature.
The PCM solidification and release of latent heat allowed to maintain the
setpoint temperature of 20 °C for 9 h after the switching off of the sys-
tems, which were turned on again at about 18:00. The RF was kept on for
the following 24 h, whilst the AHU was on only for 6 h. In the coupled
operation, thermal energy supplied by the AHU was equal to 86 kWh,
while the one supplied by the RF was 200 kWh, resulting in a total
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thermal energy of 286 kWh. Thus, compared to the sole AHU operation,
which presented a thermal energy of 331 kWh, the AHU-RF operation
allowed to achieve an energy saving of 13 %. A similar value was re-
ported in Ref. [19], where achievable heating energy saving ranging
from 7.3 to 15.3 % were declared with 20-50 mm PCM positioned under
piping, as reported in Table 1. However, in Ref. [19] a RF system not
combined with an AHU was considered. Differently, lower energy sav-
ings (4 % on heating and 8 % on cooling) were evaluated in Ref. [39],
where ThinICE filled with S27 and S21 were adopted for the heating and
the cooling period, respectively. However, the system was installed in a
10 m? experimental mock-up building and PCM containers were posi-
tioned with three different distributions: a portion of the floor surface
included only S27, another portion was characterised only by S21, in a
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Fig. 16. RF on: piping emitting heat.

Fig. 17. RF off: effect of S27 against S17.

third portion S27 and S27 were positioned in a checkerboard pattern.
Moreover, the mentioned energy savings may be achieved through the
adoption of a control strategy based on weather forecast.

A 10 days-period representative of the sole RF operation, from
January 2nd to 12th, is reported in Fig. 13, where three different con-
ditions are illustrated. A standard performance of the system can be
observed from January 3rd to 5th, when the adoption of a working fluid
of about 32 °C resulted in a maximum heat flux of 63 W/m? and an
average thermal energy of nearly 120 kWh/day. A high performance
was achieved from January 5th to 6th, when the system operated at a
supply water temperature of almost 36 °C, able to provide a maximum
heat flux of 81 W/m? and an energy of 134 kWh/day. Finally, the PCM
thermal storage performance occurred from January 6th to 8th, once the
RF was turned off for a long time (56 h).

A focus on the single days when the radiant floor was turned off is
illustrated in Fig. 14. The system was switched off on January 6th at
10:00. A steady heat flux of 35 W/m? was ensured for almost 13 h, and
setpoint temperature of 20 °C was maintained until January 7th at
16:00, thus for nearly 30 h after the switching off of the system. The
subcooling effect was evident not only considering the temperatures but
also the heat flux, which initially decreased up to 31 W/m?2. The impact
of PCM solidification and heat release can be observed also when ana-
lysing the temperatures at different layers of the RF structure, as re-
ported in Fig. 15. Indeed, temperature under (T3) and over (T5) S27 are
higher than the those under (T2) and over (T4) S17. Furthermore, the
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temperature under floor finishing (T7) in correspondence of S27 is
maintained between 22 and 24 °C, with a room temperature equal to
about 20 °C. These results are similar to those achieved in Ref. [36],
where floor temperature was ensured in the range 18-24 °C with a room
temperature of 19 °C, as reported in Table 1. However, in the system
analysed in Ref. [36] the cold storage layer was positioned above the
heat storage one, and both encased piping network.

Thermography reported in Fig. 16 and in Fig. 17 highlights the effect
of the S27 against the S17 when the RF is turned off after its operation.
Indeed, when the system is operating, only the heat emitted by the
piping network is evident (Fig. 16). Then, when the RF is switched off
and PCM solidification begins, the S27 release a large quantity of ther-
mal energy by using latent heat during the phase change, whilst S17 just
emits sensible heat. Therefore, the chequerboard layout can be clearly
observed (Fig. 17).

3.3. Exploitation of the PCMs latent heat capacity

In order to evaluate if the PCMs capacity of latent heat storage was
fully exploited, the comparison between the values of latent heat derived
from the monitoring data and those provided by the manufacturer was
conducted.

Differential scanning calorimetry (DSC) curves of the two PCMs,
provided by the manufacturer PCM Products Ltd [45], are illustrated in
Fig. 18 and Fig. 19, where a value of latent heat equal to 185.51 kJ/kg
and 156.64 kJ/kg is reported for S27 and S17, respectively.

Two representative days, one during the heating and one during the
cooling period, that were characterised by the sole operation of the RF
system and the phase transition of PCM due to the turning off of the
system were identified in 20th March 2023 and in 30th June 2023.
Latent heat AHg; [kJ/kg] was evaluated using Eq. (2):

j;:z qmtdl - Zz"’:l (mi.cﬁx ° ATi)

Mpcm

AHg = (2

where t; and t; are the beginning and the end of the phase change
process, G,,; [kW/m?] is the heat flux through the floor, n is the number
of floor layers, m; is the material mass per unit surface area of the layer i
[kg/m?] obtained as the product between density p [kg/m®] and the
equivalent thickness of the material Ax [m], c,, is the specific heat [kJ/
(kg'K)1, and AT; is the temperature difference [K], mpcy is the PCM mass
per unit surface area [kg/mz].

As for mpey [kg/m?], the following parameters provided by the
manufacturer PCM Products Ltd [44] were considered (Table 5):

Taking into consideration the data reported above, the following
values of AHg;, were achieved and compared to the values reported by
the manufacturer (Table 6):

The percentage of discrepancy, although quite small, between the
values of AHg; derived from experimental data and those declared by
the manufacturer can be due to the fact that the space monitored was
often occupied by a high number of people which impacted on the
monitoring. Furthermore, despite the insulation layer positioned below
PCMs, thermal dispersions occurred. Therefore, the slight difference
between the measured and the provided values of AHg;, demonstrated
that the latent heat storge capacity of PCMs was almost fully exploited.
Moreover, the consistency of the values obtained highlights the reli-
ability of the results here presented and demonstrates the significance of
the study conducted.

4. Conclusions

The thermal performance of a radiant floor (RF) heating and cooling
system enhanced with two PCM types, one for the winter and one for the
summer period, has been experimentally investigated at full-scale by the
University of Ferrara within the H2020 European project IDEAS. The
PCM-RF system was installed in a 100 m? academic snack-bar selected as
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Fig. 18. DSC curve of S27 (source: PCM Products Ltd [45]).
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Technical data about ThinICE.
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Fig. 19. DSC curve of S17 (source: PCM Products Ltd [45]).

building demonstrator, monitored since end-June 2022. The system was
composed of macroencapsulated hydrated salts with a melting temper-
ature of 27 °C for winter and of 17 °C for summer, which were installed

according to a checkerboard pattern. The space was equipped with an

PCM Quantity of ThinICE per PCM mass per ThinICE PCM mass per
m? kg m?kg/m?

S27 4 2.49 [44] 9.96

S17 4 2.48 [44] 9.92

existing air handling unit (AHU) to ensure ventilation rates and manage
latent loads.
The following conclusions and observations have been derived from
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Table 6
Comparison between AHg;, derived from experimental data and values declared
by the manufacturer.

PCM Experimental AHg;, Declared AHg;, Discrepancy
kJ/kg kJ/kg

S27 166.08 185.51 10 %

S17 142.49 156.64 9%

the present study and should be considered to foster and support the
design of future applications:

e Results obtained from the analysis of the monitoring data high-
lighted the effective thermal storage capacity of PCM integrated in
the RF system, both in the heating and in the cooling period.

In summer, the turning off of the RF at midday brought to the melting
of PCM, which absorbed thermal loads, thus achieving peak loads
shaving and shifting. Indeed, in this way PCM reduced the cooling
load to be covered by the AHU during peak price hours, and was able
to release thermal loads later in the night. Indeed, the switching off
of the AHU after the sunset, with the RF still on, brought to PCM
solidification, release of thermal loads and maintenance of the in-
door air temperature close to the setpoint of 26 °C throughout the
night. In this way, a lower energy effort was required to the AHU at
sunrise in order to ensure the cooling setpoint temperature.

In winter, operation of the AHU integrated with the RF allowed to
achieve 13 % energy savings if compared to the sole AHU operation.
Indeed, PCM thermal storage allowed to keep AHU on for 70 % less
time and to maintain the setpoint temperature of 20 °C for 9 h after
the switching off of both the systems. Furthermore, taking into
consideration the sole operation of the RF, the system was able to
maintain the setpoint temperature for almost 30 h after the switching
off.

The experimental results of a real-scale installation are reported for
the first time in the present manuscript. In addition, the coupling tech-
nology employed in the snack-bar represents a real example of renova-
tion, which integrates the possibility of high thermal storage of macro-
encapsulated PCMs within a particularly limited thickness of the floor
due to existing structural constraints. Finally, in order to aid a proper
interpretation of the achieved results, it should be considered the poor
building envelope of the snack-bar where the application was conduct-
ed, which confirms the significant energy saving potential. Therefore,
the work could be exploited to lay the basis for the design of far more
optimised systems and to develop a design framework for a more
extensive application of PCM enhanced radiant floor systems, especially
considered the energy savings achievable through the adoption of these
low-temperature heating and high-temperature cooling systems, as well
as the potential exploitation of renewable energy sources.

Being an experimental system, the operation of the plant was often
characterised by long periods of testing for the implementation of the
components, as well as by highly frequent malfunctions or breakdowns
of some devices. For these reasons, it has not been possible the conduct
the monitoring for long and continuative time periods and the analysis
could be conducted only on the base of the most representative days for
the cooling and the heating season. Therefore, one of the future de-
velopments of the study will be the analysis of continuous and regular
monitoring campaign (currently ongoing), in order to be able to eval-
uate comprehensive data about the thermal behaviour and energy
consumption of the system for whole heating and cooling periods.
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